Google 



This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 

to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 

to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 

are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other maiginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 

publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing tliis resource, we liave taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 
We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain fivm automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attributionTht GoogXt "watermark" you see on each file is essential for in forming people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liabili^ can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 

at |http: //books .google .com/I 



► 









s 

1 

f 

1 


n 


TZZ 


-] 





>;,l,ZDdbyG00gIC 



QC 
23 



,z.d=,GoogIc 



i 



>;,l,ZDdbyG00gle 



Z^j'i 



MfiJeififC^ 



ELEMENTS OF PHYSICS 



HENRY S. CARHART, M.A. 



HORATIO N. CHUTE, M.S. 

IHSTRUirroR IN PHYSICS IN THE ANN ARBOR HIGH 



Boston 

ALLYN AND BACON 
1892 

DiqilizDdbyCoOgle 



V- ■ 



Cepyrigktt iSgt, 
Henry S. Carhart 

HOBATIO N. CHUTB 



>;,l,ZDdbyG00gle 



PREFACE. 



DcRDiQ the past decade the teticbiiig of Physics in high 
schools aud universities has nodei^ODe radical revision. The 
time-honored recitation method baa gone out and the labora- 
tory method has come in. As a natural reaction from the 
old r4gime, in which the teacher did everything, iocluding the 
thinking, came the method of original discovery; the text- 
booli was discarded and the pupil was set to rediscovering 
tlie laws of Physics. Time has shown the fallacy of such a 
method, and the sacceesful teacher, while retaining all that is 
good in the new method, has already discovered the necessity 
of a clearly formulated, well digested statement of facts, a 
scientific coufesslon of faith, in which the learner is to be 
thoroughly grounded before essaying to explore for himself. 
The maxim, "That only is knowledge which the pupil has 
reached as the result of experiment," has been found to have 
ita limitations. With no previous instruction, the young stu- 
* dent comes to the work without any ideas touching what he 
is expected to see, with entire ignorance of methods of ex- 
periment, and withont skill in manipulation. He has no 
training in drawing conclusions from his own experiments. 
He is not a skilled invest^ator, and will be apt to discover 
litQe beyond his own ignorance, a result, it must be confessed, 
not entirely without value. Before the pupil is in any degree 
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iV PBEFACB. 

fit to inveBtignte a subject experimentall;, he mast have a 
clearly defiaed idea of what he is doing, aa outfit of prio- 
ciples and data to guide him, and a good degree of skill ia 
coaductiug an inveatigation. 

A few jears ago it seemed necessary to urge upon teach- 
ers the adoption of laboratory methods to illustrate the text- 
book ; in not a few instances it would now aeem almost 
necessary to urge the use of a text-book to render intel- 
ligible the chaotic work of the laboratory. 

With this view of the situation, the authors have prepared 
this book for the class-room, as distinguished from a manual 
for the laboratory. The experiments described are, for the 
most part, designed to illustrate principles. They are, in 
other words, qualitative rather than quantitative in character. 
The attempt to combine both characters in one book has 
not, in our judgment, proved a success in the past. 

In the preparation of this book the aim has been to for- 
mulate clear statements of laws and principles ; to illustrate 
them amply, both by simple experiments and by appropriate 
problems ; and to observe a logical order and sequence of 
topics, so that the pupil may pass from subject to subject 
with the aid and momentum of what he has already acquired. 

The arrangement is such that a convenient division of the 
book either into two or three parts, corresponding to two or 
three terms in the school year, may be easily made. 

Every experiment, definition, and statement of principle is 
the result of practical experience in teaching classes of va- 
rious grades. Alany of the illustrations are new, having 
been made from original drawings or from photographs of 
the actual apparatus set up for the purpose. 



PBEFACE. T 

We ehoold recommend teachem to supplement the class 
work in this book with practical work in the laboratory, 
nsing for the purpose such manuals as Chute's "Practical 
Physics," or Worthington's " Physical Laboratory Practice." 
It is not necessary that the pupil should traverse the entire 
subject of Physics before taking up laboratory practice, but 
he should be kept in his class-work well ahead of the sub- 
jects forming the basis of his laboratory experiments. 

An entire year should be devoted to the subject, and great 
advantage will be found in delaying its introduction till the 
student has acquired some knowledge of algebra and 
geometry. 

H. S. C. 

H. N. 0. 
Anr Arbob, Michiqxm, Ottobir, 1892. 
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ELEMENTS OF PHYSICS. 



INTRODUCTION. 

1. Matter may be defined as that which occupies space. 
Its existence is made known to us through the senses. 
SiiiatanceB are the different kinds of matter, as iron, water, 



2, Its Structure. — Many facts, a few of which will 
be considered later, indicate that matter is not continuous, 
and that any portion of it is a group of exceedingly small 
parts called Atoms, no two o£ which are in actual contact. 
These atoms are kept from falling apart by the action of 
certain forces or agents which bind them together in 
groups, called Moheidei. The nature of an atom is such 
that no division of it occurs during any physical or 
chemical process ; but, while the molecule is unaffected in 
any physical process, it is broken up or has the mode 
of grouping its constituent atoms changed when it is 
subjected to a chemical process. 

These molecules are believed to be in ceaseless motion, 
subject to the constraining action of certain forces, called 
Molecular Forces. Changes in these motions are supposed 
to account for many o£ the phenomena observed in the 
world of matter. 
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Si ELEMENTS OF PHYSICS. 

Although these molecules are so Bmall that microscopes 
of the highest power cannot detect them, yet they are 
not beyond the limits of calculation. Sii" William 
Thomson estimates that the ayerage distance between 
the centres of two adjacent molecules of a liquid or a 
solid is less than the gooAaco ^^i ^.nd greater than 
Tinnn^injirtli of a centimetre.' 

3. SubstanceB Classified. — If we place an iron nail 
between the jaws of a blacksmith's vise, and subject it to 
pressure, we shall find, on removing it, that very little 
effect has been prodneed; the sides which were free from 
pressure may have bulged out somewhat, and the nail may 
have been slightly flattened. But if we try to substitute 
water or air for the iron, we shall find that each escapes 
laterally so readily that we cannot subject either of them 
to pressure unless we adopt some means of retaining it on 
all sides. Hence it appears that we may make two classes 
of substances, — Solids, which can sustain pressure with- 
out being supported laterally, and Fluids, which canuot 
do so. 

Again, if a small quantity of water be put into an enaply 
vessel, it will partly fill it, and assume the shape of that 
part of the vessel occupied by it. Such fluids are called 
Liquids. If, however, a small quantity of air be put into 
a closed and empty vessel, it will expand and fill the 
vessel, irrespective of its size. Such fluids are called 
Gases. 

All simple and many compound substances, as water, 
can be made to pass successively through all three states 
by suitable adjustments of temperature and pressure. 

1 TbomuD') OoniUtuUon or UntMr, Vol. I., pagt HI. 
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INTSODUCTION. 8 

4, Energy. — It is a matter of daily observation that a 
body in motion can impart that motion to a second body ; 
as, for example, when the swinging bat strikes a ball. It 
is equally tiiie that a body can set a second one in motion 
by virtue of the position which it occupies, as in the case 
o£ the weight of a clock when it is wound up. This capar 
bitity of a body of producing motion in a second one is 
known as Energy. , 

5, Physics is that branch of science which treats of 
matter and energy. Its investigations are restricted to the 
examination of those changes wherein the composition of 
the molecule ia not affected. It differs from Chemittry in 
that it does not deal with intramolecular changes nor con- 
cern itself with the identification of substances. 

6, Physioal Phenomenon, Law, Theory, — Any change 
observed in matter is a Phenomenon. If unattended by any 
alteration of the chemical constitution of the substance, 
the change is a Physical one; otherwise, it is Chemical. 
The fall of an apple or of a rain-drop, the freezing of water, 
the melting of a metal, the expansion of a metallic rod 
when heated, the attraction of an iron nail by a magnet, 
are examples of Physical Phenomena. 

A Physical Law is the expression of the constant rela- 
tion existing between dependent phenomena. For ex- 
ample, it is found on trial that if a quantity of any true 
gas, as air, be subjected to pressure, the volume will dimin- 
ish aa the pressure increases. This relation is known as 
the Law of the Compressibility of Gases. 

A Hypothesis is a supposition advanced to explain 
phenomena. The probability of its truth is the greater, 
the more varied are the phenomena explained. When the 
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4 ELEMENTS OF PHTSICB. 

amount of evidence in support of the hypothesis is quite 
large, it is raised to the rank of a Theory; and finally to 
that of a Law, when its truth is fully established. 

7. Pb^Bical Asenta. — In attempting to ascertain the 
causes of phenomena, it seems necessary to assume the 
existence of certain Agentt or Forces acting on matter. 
Examples of such t^ents are seen in the various forms of 
atti'action of matter for matter. Since nothing is known 
of the intimate nature of these agents, all attempts at 
defining them must be restricted to nanations of effects. 

8. Force and Forces Claesifled.—J'ttrce may be defined 
as that which changes, or tends to change, the motion of 
a body by altering either its direction or its magnitude. 
Forces may be classified as Molar Forces, those acting be- 
tween masses separated by sensible distances, as gravita- 
tion ; Molecular Forces, those acting between molecules 
separated by insensible distances, as cohesion ; and Atomic 
Forces, those acting between the atoms composing the 
molecule, as ehemism. Again, forces may be classified as 
Attractive Forces, as the action between magnets and soft 
iron; and Repellent Forces, as the action between two 
pieces of sealing-wax after both have been rubbed briskly 
with flannel. Finally, forces may be classified as Impulsive 
Forces, where the duration of their action is exceedingly 
short, as when a nail is struck with a hammer ; and Covr 
titmous Forces, when their action extends over a finite time, 
as gravity. If the intensity of a continuous force varies 
during successive intervals of time, it is classed as a 
Variable Force ; for example, the attraction between a 
magnet and a piece of iron becomes less on increasing the 
distance between them. If the intensity of a force does 
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INTRODUCTION. 5 

not change, it is said to be a Constant Force ; for example, 
the attraction of the earth for a body on its surface changes 
80 little when the body is removed a short distance from 
the surface that it may be considered constant within short 
ranges without sensible error. 

9. An Experiment consists in producing a phenomenon 
under conditions determined and regulated by the operator. 
By making measurable changes in these conditions and 
noting the results, he is able to determine the conditions 
under which the phenomenon takes place, and the class to 
which it belongs ; or to discover the general law which 
embraces it. The basis of all experimentation is a belief 
in the Conttancy of Nature, as enunciated in the postulate 
that " under the same physical conditions the same physical 
resuHs will always be produced irrespective altogether of time 
or place." 
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THE PROPERTIES OF MATTER. 

10. The Properties of Matter are the different ways in 
which it presents itself to our senses; as occupying space, 
requiring force to move it, elc. 

11. Physioal and Chemical Properties. — Experiment. - 

Hold a piece of platiDum wire id the flame of a Bunsen lamp. It 
becomes red-hot, then glows and emits light. Remove it, and it 
soon presents the same appearance that it had bel'oi'e it was heated. 
In tike manner, hold a piece of magnesium wire in (he flaino. It, 
too, glows, but soon begins to burn leaving a I'esidiiuui in the form 
of a white powder. 

In this experiment are illustrated two classes of changes. 
In the case of tlie platinum there is no loss of identity, the 
molecule remaining intact ; in the case of the magnesium, 
the composition of the molecule is changed hy the intro- 
duction of oxygen into its structure. Properties revealed 
by changes in bodies where the molecule suffers no change 
of composition aie called Physical Propertiea. Those re- 
vealed by bodies during changes in the composition of the 
molecule are Chemical Properties. 

12. Extension, as applied to matter, implies that it 
occupies space. Every body, or piece of matter, has 
lenffth, breadth, and thickness, and these art known as its 
Dimensions, 
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THE FROPERTIES OF MATTES. 7 

13. Measurement of Exteaaion. — The basis of all 

measurement ia some linear unit, arbitrarily chosen, from 
which are derived the units of area and of volume. 
There are two systems of units in general use, the English 
and the Metric. Under the former, the Yard is the stand- 
ard of length and for the United States is defined as the 
distance between the 27th and the 63d divisions of a brass 
bar deposited in the office of Weights and Measures at 
Washington, provided the temperature is 16|° C. One 
thirty-sixth of this constitutes the Inch, and one-third the 
Foot. Under the metric system, the Metre is the standard 
of length, and may be defined as the distance between two 
lines on a platinura-iridium bar at 0° C, also kept at 
Washington. This system was legalized in the United 
States in 1866. In its multiples and submultiples a decimal 
system is adopted ; the names of these derived units being 
formed by the use of the Greek prefixes deca, kecto, and 
kilo, signifying 10, ]00, and 1000; and the Latin prefixes 
deci, centi, and milli, signifying 10th, 100th, and 1000th. 

The units of surface are squares whose sides are some 
one of the units of length, as the square inch, square foot, 
square metre, etc. The units of volume are Cubes whose 
edges are some one of the linear units, as the cubic inch, 
cubic foot, cubic centimetre, etc. The United States 
gallon, 231 cubic inches, and the litre., 1000 cubic centi- 
metres, are units of no fixed form. 

The value of the metre is about 39.37 inches. When 
great accuracy is not required, it may suffice to regard the 
metre as 40 inches, the decimetre as 4 inches, the centi- 
metre as I of an inch, the kilometre as f of a- mile, and 
the litre as 2J pints. 

In measuring any object various devices and methods 
are in use, the selection being determined by the nature of 
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8 ELEMENTS OF PUYSICS. 

the problem and the degree of accuracy required. For 
further information on this subject, the student is referred 
to works on Pmctical Physics. 

14. We^ht and Maaa. — It has long been recognized 
that matter possesses the property of attracting matter ; 
that is, has gravitation. The Weight of a body is the 
measure of the attraction of the earth for it, and varies 
with the quantity of matter in it, and with the position of 
the body with respect to the earth's surface. Hence, the 
weight of a body is not a constant quantit)'. The Mass 
of a body is the quantity of matter it contains, and, unlike 
weight, is wholly independent of the attraction of any other 
body. Hence, the mass of a ball of lead would remain the 
same if it were transported to the centre of the earth, to 
the north pole, or to the moon ; whereas its weight would 
be different for each position. 

16. Their Measurement. — The unit of mhss adopted 
in this country and in England is the quantity of matter 
in the Avoirdupois Pound. It is equivalent to 7,000 grains. 
Its chief multiples and submultiples are ton», ounces, and 
drams. In the metric system the G-ramme is the unit, and 
may be defined as the quantity of matter in one cubic 
centimetre of distilled water at 4" C. It is equivalent to 
15.432 grains. It is multiplied and subdivided decimally, 
and the names given to these multiples and submultiples 
are formed by combining the word gramme with the pre- 
fixes used in linear measure (13). 

The units of weight are the attractions of the earth for 
these units of mass, and receive the same names. What 
is commonly termed the weight of a body, obtained by 
counterpoising it with standard units of mass, is its mass. 
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THE PBOPEBTIES OF MATTER. 9 

The weight might be determined by some such device as 
the common draw-scale (Fig, 18), where the attraction is 
measured by the elongation of a spiing. Even then it 
must not be overlooked that a comparison of weights thus 
obtained, when under exactly similar conditions, may be 
substituted for a comparison of masses, since at any one 
place the weight varies as the mass. 

16. Impenetrability implies that two masses of matter 
cannot occupy the same space at the same time. The 
familiar method of measuring the volume of irregular 
solids by measuring that of the liquid displaced when the 
solid is submerged is based on this property. 

According to the accepted theory of the constitution of 
matter (2), a body does not fill completely the space which 
it appears to occupy, that is, there are spaces or pores be- 
tween its parts. Hence, there is suggested the possibility 
of an interpenetration, between two masses of matter when 
brought together, the molecules of the one fitting into the 
spaces between the molecules of the other, and the resulting 
volume not being equal to the sum of the two volumes. 
An instance of this is seen in the following experiment: 

III a long test-tube pour 30 ccni. of water. To this adil carefully 
20 ccm. of strong alcohol, tipping the tube so that the liquid flows 
down its walls. Mark the position of the surface, and then mix the 
liquids thoroughly by shaking. A large shrinkage in volume is 

Hence, it appears that impenetrability, though always 
true of molecules, is not necessarily a property of masses. 

17- Inertia is that property manifested by matter in its 
persistence in whatever state of rest or of motion it may 
happen to have, and in \t& resistance to any attempt to 
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change that state. If a moving body he stopped, its arrest 
is always traceable to some influence outside of that body ; 
if & body left at rest be afterwards found in motion, such 
motion has been imparted to it by some other body. There 
are many familiar phenomena 
which are explained by this prin- 
ciple ; for example, the onward 
motion of a rider when his horse 
suddenly stops ; the displacement 
of loose articles on a rolling ship; 
the oscillation of water in a pail 
when carried; the mud flying 
from a rapidly revolving carriage 
wheel ; the dust from a carpet 
when beaten ; snow falling from 
the boot when struck against 
the door-step. The inertia of a 
stream of water is seen in the 
violent jar to the pipe on sud- 
denly closing the faucet. An 
B instance of inertia is furnished 

in the persistence with which a 
rotating object, as a spinning top, maintains its plane of 
rotation. It is because of inertia that the suspended ham- 
mock on ship-board does not fully partake of the motion 
of the ship. 

By inertia may be explained the following experi- 
ment: Suspend by a string a heavy weight, A (Fig, 1), 
and from its under side by a similar string a small bar, 
B. If we pull iteadily downward on B, the string will 
break somewhere above A, because there is more tension 
on it from its having to support both A and B as well as 
resist the pull applied at B. If, however, we pull down- 
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THE PROPERTIES OF MATTER. 11 

ward suddenly on B, the string will break below A. On 
account of the inertia of the heavy weight, the lower 
string breaks before the sudden pull reaches the upper 
string. 

18, Indestructibility. — Bip. — Fill a test-tube, say 2 cm. 
in diameter and 16 em. long, with water; cover the mouth with the 
thumb, and invert the tube in & small beaker partly filled with 
water (Fig. 2). There must be no air in the tube 
after it is inverted. Slip over the tube a short 
piece of large glass tubing — a piece of lamp 
chimney will answer — to support the test-tube 
in a vertical position. Plaise a small piece of zinc, 
say, 50 milligrammes, beneatii the mouth of the 
tube. Poui' into a small beaker n few cubic 
centimetres of strong sulphuric acid. Place the c^ 
vessel supporting the tube, and also the beaker of p 
acid, on the pan of a good balance, and counter- < 
poise them. Now pour the acid into the vessel Fig. 2, 

supporting the tube, replacing the beaker in the 
scale-pan. The acid will act on the zinc, and hydrogen gas will 
collect in the top of the tube. If from time to time the beam of the 
balance be released, it will be found that the beaker, with its con- 
tents, loses nothing in weight during the disappearance of the zinc; 
that is, there is no loss of matter during these changes. 

IndestructibiUti/ implies that matter cannot be destroyed. 
All experience testifies that we can neither create nor 
destroy matter ; we can at most but change Its form and 
its combinations. The science of chemistry is based on 
this Constancy of Mass. 

10. Elasticity. — Eip- — Apply pressure to a rubber ball. 
Stretch a common rubber band. Bend a thin stiip of steel. Twist a 
piece of cotton cord. In each ease either the form or the volume or 
both have been changed, and unless the distorting force is maintained 
these changes disappear by the body''s resuming its initial condition, 
that ia, these bodies possess elasticity. 
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Hence, Elasticity ia that property exhibited by matter 
when a continued application of force is necessary to main- 
tain any change of form or volume, or both, that force has 
produced. It is called Elasticity of 
Form when the form is restored on 
the removal of the distorting force, 
and Elanticity of Volume^ when the 
initial volume is recovered. Evi- 
dently fluids possess no elasticity of 
form, but all matter possesses elas- 
ticity of volume, some kinds in a 
greater degree than others. Fluids 
regain exactly their original .volume, 
without reference to the duration or 
the amount of the distortion. lu the 
case of solids the restitution is not 
complete, if the distortion is beyond 
a certain limit, different for different 
substances. 

The experiments show that the 
elasticity of a body of matter may be 
developed either by pressure, by pull- 
ing, by hending, or by twisting. The 
bounding ball and the common pop-gun are illustrations 
of the first; rubber cords are familiar examples of the 
second ; bows and springs are instances of the third ; and 
the torsional pendulum (Fig. 3) and the stretched spiral 
spring illustrate the fourth. 
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20. Cohesion. — Exp.— Suspend beneath one of the Bcale-pans 
of a beam balance a perfectly clean glass disk by means of 
threads cemented at three equidistant points (Fig. 4). After coun- 
terpoising the 
disk, plane he- 
low it a vessel 
of water and ad- 
just the appai'ft- 
tus so that the 
disk touches its 
surface when Ihe 
beam is horizon- 
tal. Now add 
weights to the 
pan till a separa- 
tion of the disk 
from the water ia 
effected. An ex- 
amination of the 
nnder surface of 
the disk will show 
tliat instead of 
pulling the plate 
away from the 

pulled off a film 
of water. 

The experi- 
ment makes it '^ ^ 
clear that the parts of the water are held together by a 
force of considerable intensity, and that this force has to 
be overcome before a sepai-ation can be effected. To that 
force which binds together the molecules of a body, the 
name Cohesion or Adhesion is applied according as the 
molecules are like or unlike in character.' 
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This force exhibits itself more noticeably in solids than 
in liquids; but in gases it seems to be nearly, if not entirely, 
wanting. Generally the attraction of liquids for solids is 
greater than that of the liquid for itaelf, as seen in the 
above experiment. This is always the case when the ligaid 
wet» the solid. Sometimes, however, the solid can be 
pulled away from the liquid, as in the case of glass and 
mercury, and this shows that the attraction of mercury for 
mercury exceeds its attraction for glass. 

21. Affected by Distance. — Bip— Press flimly together 
two lead disks, giving them a slight twisting motion. The surfaces in 
contact must be flat and bright. They will adhere quite firmly together. 

Two lead bullets, cut so as to present clean flat surfaces, may be 
used instead of the disks. 

This experiment suggests that the molecular forces act 
powerfully through exceedingly small and insensible dis- 
tances ; and that they act either not at all or very feebly 
through distances observable by the eye. They seem to 
diminish rapidly in intensity as the distances between the 
molecules are increased, as seen in the effect of tempera- 
ture on the strength of materials. 

Queries: — Explain the welding of iron. Why is it that powdered 
substances can be solidified by great pressure? Why do drops of 
difierent liquids vary in sizeP 

32. Cryatallization. — Eip. — Dissolve 100 grammes of alum 
in half a litre of hot water. Hang several strings in tlie solution 
and set it aside in a quiet place for several huui-g. At the end of that 
time the strings will be found covered with a number of beautiful, 
transparent bodies of regular and similar shapes. 

Most solids, when they form slowly under circumstances 
that give perfect freedom of motion to the molecules, 
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assume definite external forms called Crystals. These 
forms are, with certain limitations, the same for the same 
substance, but different for different substances. Many 
substances, however, exhibit no plan in the grouping of 
the molecules, that is, they are Amorphous. Examples of 
such bodies are glass, glue, coal, etc. When crystalline 
substances are broken into parts, it will be found that the 
fracture consists in separating crystals from the faces of 
other crystals. This separation is most easily effected 
along certain definite planes, called Planes of Cleavage. 

23. Tenacity. — Exp- — Cut from a sheet of manillit paper a 

rectangular strip, say, ih cm. long and 5 cm. wide. Fold oyer each 
end and fasten it with glue to foini a hem or loop. In each of these 
loops insert a stout wooden rod, somewhat longer than the width of 
the paper. Connect the ends of one of these rods to the hook of a 
spring-balance (64) by means of a stout wire bail. Fasten the other 
to some suitable object, as a hook in wall. Now pull sleadily on the 
ring of the balance till the paper breaks, and observe the reading of 
the balance at the moment of separation. The average of several 
trials will give a fair idea of the strength of the paper. If a strip of 
paper 10 cm. wide be used, we shall find that about twiee as great a 
pull will be required to tear it as in the firet case. 

Tenacity is the resistance which a substance ofEera to 
being separated into parts by pulling. Its measure is the 
quotient of the breaking-weight by the area of the cross- 
section of the substance broken. Experiments show that 
it varies with different substances, with the form of the 
body, with the temperature, and with the duration of the 
traction, 

24. Malleability is that property of a body which per- 
mits it to. be rolled or hammered into thin sheets. Gold 
furnishes the best illustration of this property. It has 
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been reduced to sheets so thin that more than 800,000 of 
them placed one upon another are but one inch in thick- 
ness. Tliis property in some substances is much modified 
by temperature. 

25. Ductility is that property of a body which permits 
it to be drawn out into wire. Malleability and ductility 
are closely related in character, but do not exist in the 
same substance to the same degi'ee ; for example, lead and 
tin are very malleable, but only slightly ductile. Gener- 
allj', however, substances possessing great malleability are 
also highly ductile, as in the case of gold, platinum, and 
silver. 



28. Hardness is the relative resistance which a body, 
offers to scratching or abrasion by other bodies. The 
relative hardness of two substances is ascertained by try- 
ing which of them will scratch the other; for example, 
glass is harder than copper, since it scratches copper. 

Many substances, if suddenly cooled after having been 
raised to a high temperature, acquire great hardness. A few, 
however, as copper and bronze, are affected in a contrary 
manner. The process of imparting to a body a suitable 
degree of hardness is called Tempering ; that of making it 
as soft as possible at ordinary temperature is called An- 
nealing. Both processes consist in raising the tempera- 
ture of the substance and then cooling, either suddenly or 
slowly, according to the result desired. 



27. Nature of Surface of a Liquid. — Bip— Place a 

sewing-needle on the surface of a vessel of water. If carefully done, 
the needle will float. On close oxiimination it will be seen that the 
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surface of the water round the needle is depressed, the latter resting 
in a. little hollow large enough to hold, perhaps, four such needles. 

The indentation made in the surface of the liquid by the 
needle suggests that the surface is like a membrane or skin, 
supporting the needle by virtue of its cohesion or toughness. 

28. In a. State of Tension. — Eip- — Float two sewing- 
needles on water, placing them parallel and separated by a few 
millimetres. Let u drop of alcohol fall on the water between them, 
and they will suddenly fly apart. 

The surface layer of the water acts as if it were a 
stretched membrane, the effect of the alcohol being to 
weaken or cut it between the needles and thereby permit 
the parts to separate, carrying the needles with them. 

Hzp. — Place a thin Uyer of water on glass and let a small drop 
of colored alcohol fall on it. The weak spot made by the alcohol 
will cause a rupture in the fllm, and the water will be drawn away, 
leaving the alcohol surrounded by a dry area. 

Sxp. — M.ike a ring, 3 or 4 inches in diameter, of stout iron 
wii-e, with a supporting handle. Tie to this a loop of thread, 
so that the loop may 
hang near the middle of 
the ring (Fig. .5). If 
now the ring is dipped 
in a soap solution, .ind 
a lilm is obtiuned in it, 
the loop of thread will 
spring out into a circle 
when the film inaide the 

loop is carefully broken. > 

The tension in the film 
pulls the thread outward 
in all directions equally. 
By tilting the ring the 
circle will float about on the film. 
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29. Surface Tension acoounted for. — The molecules 
composing the surface of a liquid are not under the same 
conditions as those within the liquid, since the latter are 
attracted equally in all directions by the surrounding 
molecules ; whereas those composing the surface layer are 
attracted downward and laterally, but not upward. The 
result is that this surface layer of molecules is under a 
tension resembling a stretched skin, and at the same time 
exerts a pressure on the liquid below. On lessening the 
cohesion of this surface film at any point, the other parts 
will pull away. To this is due the movement of the needles 
in the above experiment. The peculiar gyratory motions 
of a piece of camphor floating on clean, warm water is 
another interesting illustration of the same principle, the 
slight and unequal solubility of the camphor weakening 

. the supporting film with the results described. 

30. Form of Surface. — Ejii. — Fill a goblet two-thirda full 
of water. An examination of the aurfaue reveals the fact that the 

surface is level, except at 
" the edge next the glass, 

where it curves upward 
(Fig. 6). Thewateradherea 
to the glass, and climbs up 
the sides of the goblet. If 
we till a similar goblet with 
mercury, we find that the 
surface is convex next to 
Fi(- 8. the glass, as if the liquid 

tended to pull away from it. 

When the liquid wets the vessel, that is, when the attrac- 
tion between it and the vessel exceeds that between the 
molecules of the liquid, the surface is concave ; on the con- 
trary, when the liquid does not wet the vessel, that is, 
when the attraction between the molecules of the liquid ex- 
— '■-'s that between it and the vessel, the surface is convex. 
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31. Capillarity. — Eitp- — Support vertically several clean glass 
tubes of small and different diameters in a vessel of pure water, 
first wetting their inner surfaces 
to displace the air-film on the 
glass surface (Fig. 7). The 
water will be seen to rise in these 
tubei;, highest in the one of 
smallest diameter and least in 
the one of greatest. Tf mercury 
be used, instead of water, it will 
be depressed in the tubes, the 
g the surface of the liquid 
when the liquid rises and 



Rg. /, 



most in the smallest tube. 
within the tubes, it is found I 
convex when it is depressed. 

Capillarity or Capillary Action (capillus, a hair) ia the 
name given to the phenomenon of the rising or falling of 
liquids in fine, hair-like tubes. 

32. Laws of Capillary- Action. — The following laws 
of capillary action have been established by experiment : 

I. Liquids ascend in tubes when they wet them, that ia, 
when the surface is concave; and they are depressed when 
they do not wet them, that is, when the surface is convex. 

II. The elevation or the depression varies inversely as the 
diameter of the tube. 

III. The elevation or the depression decreases as the tem- 
perature increases. 

33. Influence of the Curved Surface, — Eip. - Introduce 
a drop of water into the large end of a conical capillary tube, made 
bydrawingout a larger tube after 
heating it in a gas flame. The 
surfaces in contact with the air 
assume a concave form (Fig. 8), 
tho smaller one having the greater 
curvature, and the water r 
toward tlie smaller end of the 



:,.;,l,ZDdbyC00g[t: 



20 ELEMENTS OF PHYSICS. 

Into the small end of a similar tube pot a drop of mercury. The 
free surfaces will be conves, the smaller one having the greater 
curvature, and the mercury moves toward the larger end of the tube. 

Each free surface of the liquid exerts either traction or 
pressure on the liquid, according as it is either concave 
or convex. The magnitude of this surface action inereajses 
with the cui-vature, as shown by the drop of liquid in the 
first case moving toward the smaller end of the tube, and 
in the second case moving away from it. 

34. Capillarity Bxplained. — When the liquid wets 
the tube, the surface of the liquid within the tube is eon- 
cave, and hence exerts an upward pull on the liquid, 
causing it to i-ise in the tube to a point where the weight 
balances this force of traction. When the liquid does not 
wet the tube, the surface is convex and hence exerts a 
downward pressure, thereby causing a depression of the 
liquid within the tube. 

35. Capillary Phe- 
nomena. — Familiar il- 
lustrations of capillary 
action are numerous. 
The action of blotting- 
paper in removing an 
excess of ink, the pas- 
sage of oil up the wick 
of a lamp, the absorption 
of water by a sponge or 
cloth, are among the 
more common instances. 
For further discussion 
of surface tension and its 
relation to capillarity, the 
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student is referred to Maxwell's Theory of Heat, Chap. 
XX., Tait's Properties of Matter, Chap, XII., and Daniell's 
Physics, Chap. XI. 

36. Absorption. — Bip. — Fill a stout, wide test-tube with 
dried ammonia gas by displacement over raereury. The gaa may 
be obtained by boiling strong ammonia- water in a flask and passing 
it tlirough a tnbe filled with small lumps of quick-lime. Insert be- 
neath the mouth of the test-tube a piece of recently heated eharcoal. 
and immediately the mercury will begin to rise in the tube, owing to 
the absorption of the gas by the charcoal (Fig. 9), 

Ahmrptwn is the penetration of any body into a porous 
one. Freshly burnt charcoal in a most remarkable degree 
possesses this power of absorbing gases. Gases which are 
most readily liquefied by pressure are, as a rule, absorbed 
by porous solids to the greatest extent. It should be noted 
that this absorption is greatly influenced by temperature 
and pressure, being decreased by an increase of tempei'ar 
ture, and increased by an increase of pressure; and also 
that the presence of a gas in the pores of a solid affects 
the amount of another gaa that the body will 
absorb, but not always in the same way. 

The persistence with which air adheres to the 
surface of a solid is seen in the case of the 
barometer tube (145). Here it is found neces- 
sary to boil the mercury in the tube, to expel 
the air completely. It also affects capillarity, 
modifying the heights to which liquids rise, as 
shown in the increased height following the 
displacement of the air-film by a liquid film, on 
wetting the walls of the tube. 



37. Difhision. — Bip. — Fill a large test-lube two- 
thirds full of water, colored with blue litmus. Intro- 



Fig. to. 
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duce a few drops of sulphuric acid into tlie liquid at thf< bottom of 
the tube by means of a tbistle-tiibe (Fig. 10) . A reddish color will 
be seeD at the bottom ; and, if the liquids are not disturbed for 
severtil hours, this chaDge of color will be seen to moye slowly 
towiiril the top. 

Eip. — Fill two six-ounce wide-mouthed bottles with hydrogen 
and oxygen respectively, having previously fitted U) them perforated 
corks through which passes a glass tube about 60 cm. long. After 
comiecting these two bottles by this tube, sot them in a vertical 
position, with the one containing the hydrogen uppermost. After 
' the lapse of an hour, if we take them apart and apply a lighted 
taper to each jar, an explosion will follow, showing that the gases 
have mixed. 

In both of these experi- 
ments we have the heavier 
fluid slowly moving upward 
through the lighter one, and 
that in turn moving down- 
ward into the heavier. Such 
an intermingling of flnida, 
when placed in contact, is 
called Diffusion. Such phe- 
nomena offer a striking con- 
firmation of the theory that 
the molecules of fluids are in 
motion. Experiments show 
that the rate of diffusion is 
affected both by density, tem- 
perature, and the miscibility 
_ ,, of the substances. 



38. Oamoae. — Hip. — Wet a piece of parchment paper and 
tie it across the bowl of a large thistle-tube (Fig. 11), Pour down 
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the stem of the tube a concentrated solution of copper sulphate. 
Support the tube in & beaker of water, so that the liquids are at the 
same level on both the inside and the outside of the tube. If we 
watoh the liquids for a short time we shall find that the one within 
the tube is slowly rising and the one without the tube is acquiring a 
bluish tint, showing that the two liquids are passing through the 
membrane, with the greater flow toward the denser liquid. 

Exp — Cement a small porous battery-cup to a funnel-tube. 
Connect it to a wide-moutlied bottle provided with a jet-lube, after 
the plan .shown in Fig. 12. Over the porous cup invert a jar of 
hydrogen gas. If all the joints are gas-tight a small fountain vill 
be caused by the pressure of the hydrogen gas on the water in the 
bottle. The gas evidently passes through 
the walls of the porous cup faster than 
the air passes out. 

That variety of diffusion where- 
in the fluids pass through a porous 
membrane is called Osmose ; the 
flow of the fluid toward the one 
which increases in volume heing 
called Undosmose, and the contra- 
current Exomnose. The phenom- 
enon is dependent to a large 
extent on the nature of the mem- 
brane, and seems to be closely 
related to capillarity on the one 
hand and to diffusion ou the other. 



39. Dialysis. — It was discov- 
ered by Dr. Graham that all kinds 
of salts which dissolve in water 
diffuse easily through porous mem- 
branes ; but substances which have no crystalline struct- 
ure, as gums, starches, etc., diffuse with extreme slowness. 
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Substances of the former class are called Crystalloids, and 
those of the latter Colloids. Chemists often separate col- 
loids from eiyatalloida by placing the mixture in a vessel 
having a bottom of parchment paper, the whole being 
suspended in a vessel of water. This process is called 
Dialysis, and the apparatus a Sialyser. 

PRACTICAL QUESTIONS. 

1. Why is the point of a. pen a!it? 

2. Wliy will not writing-paper absorb ink? 

3. Why la a piTson, leaping to the ground from a rapidly mov- 
ing carriage, likely to fall in the direction in which the carriage is 
going? 

4. In applying bonzol to iv gi-ease spot on cloth, why should wc 
begin around the edge of the spot and work up toward the centre? 

5. What objection to the method oJ measuring medicines by 
drops? 

6. Account for the possibility of carrying wat«r in a dish whose 
bottom is aflne-meshed wire cloth. 

7. Carbonic acid is considerably heavier than air. Why does it 
not collect at the bottom of inhabited rooms P 

8. Why does water rise higher in a capillary glass-tube than 
any other liquid? 

9. If a soap-bubble be blown at one end of a tube, it will i-apidly 
conti-act, driving a current of air out of the other end of the tube, 
Kxplain. 

10. State the molecular theory of the construction of matter, and 
point out what facts presented in the preceding pages seemingly 
testify to its validity. 

11. What property of matter is reeogni7,ed in measuring the 
volume of a si)lid by noticing the volmne of liquid it displaces? 
When does this method fail f 
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CHAPTER 11. 
MECHANICS OF SOLIDS. 

I. COMPOSITION OF VELOCITIES. 

40. MechanicB is that branch of Physics which treats 
of force and its effects on bodies. The study of the cou- 
ditions producing rest in bodies belongs to Statics; and of 
those producing motion, to J)^namics. 

41. Motion is the continuous change in the relative 
position of a body with respect to some point or place of 
reference. The path of a moving body must be con- 
tinuous, that is, without any interruptions, since the body 
has continuous existence and must be somewhere at every 
instant. All motion is relative, since there are no fixed 
points in space to wliich absolute motion can be referred, 
The motion of a train of cars is relative with respect to the 
earth's surface ; that of the earth's surface is relative with 
respect to its centre ; and the motion of its centre is rela- 
tive with respect to the sun. 

When the path of a moving body is a straight line, its 
motion is Rectilinear ; and when curved, it is Curvilinear, 
in which case the direction of its motion at any point of 
its path is that of the tangent to the curve at that point. 

42. The Velocity of a moving body at any instant is 
the distance it would pass over iu the next unit of time, if 
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left wholly to itself. For example, the velocity of a bullet 
on leaving a rifle is the distance it would pass over in a 
second, if nothing disturbed it during that second ; the ve- 
locity of a falling stone at any moment is the distance it 
would pass over during the following second, if the attrac- 
tion of the earth and the impeding action of the air could 
both be withheld during that second. 

When a body in motion moves over equal distances in 
successive equal intervals of time, its motion is Uniform; 
otherwise it is Variable. If the velocity of a body increases 
during each successive interval of time, the motion is 
Accelerated; if it decreases, it is Retarded. Acceleration tg 
the rate of change of velocity per unit of time. It is con- 
sidered positive for accelerated motion and negative for 
retarded. When the acceleration is constant the motion 
is Uniformly Accelerated or Retarded according to the sign 
of the acceleration. 

43, FonnulsB for Unifona Motion. — Let v represent 

the velocity of a body having uniform motion during ( units 
of time, then vt will be the distance passed over ; repre- 
senting this distance by s, we have s=:zvt. From this we 
derive v =■- and t=^ — 

t V 

44. FormulGB for Unlformlr Accelerated Motion. — 

Let a represent the acceleration of a body having unifonnly 
accelerated motion. Then in ( seconds the velocity gained 
will be at, that is v = ai. If the body starts from rest -^ 
will be the average velocity during ( seconds, and -3- x ^ or 
^ will be tlie distance passed over. Hence « = J at', 
a = ^,t=-\ —, and s =^. 
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1. If a body has a speed of 60 miles tin hour, what Is the speed 
per second expressed in (eet? 

2. A railroad Irain, 120 jda. long, passes over a bridge 80 ft 
long, at the rate of 30 miles an hour. How long does the train take 
to pass completely over the bridge P 

3. Roemer found that a ray of light took 16 m. 36 s. to cross the 
diameterof the earth's orbit. The mean distance of the sun from the 
earth is 92.39 million miles. What must be the velocity of light per 
second ? 

4. A body starting from rest moves with an acceleration of 20 ft. 
per second. What space does it pass over in 6 seconds, and what is 
the velocity at the end of that time P 

5. A train, starting from rest, moves with a uniform acceleration 
and takes 5 minutes to pass over thefiret mile. What is the accelera- 
tion per second, and what is the final velocity? 

6. A body, uniformly accelerated, starts from rest, and passes 
over a certain space, b, in the first second. Show that it wilt pass 
over 15& during the following thi'ce seconds. 

45. Graphic GepreBentation of Velocities. — Uni- 
foriu motion in a straight line is completely described when 
its magnitude and direction are given. Since a straight line 
possesses these two characteristics, it is evident that a 
velocity may be represented both in magnitude and direc- 
tion by a straight line. Thus, if a body has a velocity of 
20 metres per second, in a 

direction parallel to the top ** "" ° 

edge of this page, then by 

representing by a line 1 em. long a velocity of 5 m. per 
second, the line AB 4 cm. long (Fig, 13), drawn parallel 
to the top edge of the page, will represent a velocity of 20 
m. per second. 

46. Composition of Velocities. — Many cases of veloc- 
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ities are made up of two or more velocities compounded ; 
for example, when a person is walking about on the deck 
of a moving ship, his actual, or Resvitant, velocity in space 
depends on both the velocity of the ship and his own 
velocity relative to the ship. The velocities of which 
the actual velocity is compounded are known as the Com- 
ponent Velocities. 

47. Cases of Compoundin? Velocitiea. — In com- 
pounding velocities several distinct cases arise, among 
which are : 

First. — When two velonties are in the game straight line, 
the magnitude of the resultant velocity is the algebraic sum 
of the components, and the direction is that of the greater. 

For example : A boat, which can be moved in still 
water at the rate of 5 miles an hour, will have what veloc- 
ity against a current of 8 miles an hour ? 

According to the above principle the velocity will be 
5 — 3^2 miles in a direction opposite to that of the 
current. 

Secondly/. — When a body has two velocities not in the 
same straight line, the- magnitude and the direction of the 
resultant velocity are represented by the diagonal of a par- 
allelogram whose adjacent sides represent the direction and 
the magnitude of the component velocities. 

This principle is known as that of the Parallelogram of 
Velocities. The following example will make clear its 
meaning : 

If a boat can be rowed in still water at the rate of 5 
miles an hour, what will be the resultant velocity if rowed 
at right angles to a current of 3 miles an hour? 
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Let a line whose length is 1 em. be taken to represent the 
unit of -velocity ; then a line AB (Fig. 14), 5 cm. long, will 
represent the velocity 
due to rowing, and a 
line, AC, 3 cm. long, 
drawn at right angles 
to AB, will represent 
the velocity due to the 
current. Completing 
the parallelogram, its 
diagonal AD will rep- 
resent the actual 
velocity. By the aid of dividers and scale we iind 
AB to be 5.83 cm. long. Hence, the resultant ve- 
locity is 5,83 miles per hour, and the direction is that 
of AD. 

When the angle between the component velocities is a 
right angle, the value of the resultant velocity will be the 
square root of the sum of the squares of the two com- 
ponent velocities. In the above problem the resultant 
velocity will equal ^5' + 3' = VM = 5,83. When the 
angle is not a right angle, the value can be found approxi- 
mately by the graphic process illustrated in Fig. 14. When 
greater accuracy is required, the principles of Plane Trigo- 
nometry must be used. 

Thirdly/. — When a body has three or more velocities, the 
resultant velocity may be found by repeated applications of 
the foregoing principles. 

For example : If a body has a velocity eastward of 100 
feet per second, northward of 80 feet per second, and 
north-westward of 120 feet per second, what is the 
resultant velocity? 
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Let AB, AO, and AD (Fig. 15) represent these ' 



locities on a scale of 80 feet to the 




FiB-<5. 



nch. Then AE 
is the resultant 
velocity of AB 
and JC(why?), 
and AF of AE 
and AB (why?). 
The length of 
AF in inches, as 
found by the aid 
of a scale and 
dividers, multi- 
plied by 80, will 
be the value of 
the resultant ve- 
locity. 



48. Besolution of Velocities. — It is often desirable 
to find two or more velocities which may be substituted 
for a given velocity without affecting the result. The 
process is known as the Resolution of Velocities, and is 
evidently the converse of the Oomposition of Velocities. 
The most important case is 
the converse of the Parallelo- 
gram of Velocities, its solu- 
tion consisting in finding 
■ the sides of the parallelo- 
gram whose diagonal repre- 
sents the giveu velocity. An 
inspection of Fig. 16 will 
make it evident that an in- 
finite number of parallelograms are possible of which 
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AB is a diagonal. Hence the velocity represented by AB 
can be replaced by ^C and AB, All and AF, AH and 
AK, etc. 

In the application of this principle the direction of the 
components is usually known. For example, let it be re- 
quired to resolve a velocity of 40 miles per hour eastward 
into two velocitiea at an angle of 60", one of which shall 
be south-east- 
ward. Let ^j5 
(Fig.17) repre- 
sent a velocity 
of 40 miles per 
hour eastward. 
Draw AB mak- 
ing an angle of 
45° with AB, 
and AF mak- 
ing an angle of 
60° with AB. Through B draw BB and 5C parallel re- 
spectively to AF and AFy forming the parallelogram 
ACBB. Hence, the components required are AC and 
AB, and their numerical equivalents can be obtained by a 
scale of equal parts. 




1. When a train is moving with a velocity of 20 miles an hour 
past a station platform, the conductor throws out a parcel with a 
horizontal vuloeity of 20 feet per second in a direction at right 
angles (o the motion of the train. What will be the velocity of the 
parcel at the beginning of its flight ? 

2. If a steamer has a velocity of 14 miles an houi' ilue east, and 
the wind blows with a velocity of 8 miles an hour from the south, 
what will be the apparent velocity of the wind to one on board the 
steamer P 
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3. A particle receives simultaneously two velocities, 100 feet per 
second north, and 75 feet per second north-east. Find the magni- 
tude and direction of the resultant Telocity. 

4. A l)ody is acted on simultaneously by three forces, capable of 
giving it the velocities 50, 70, and 100 feet per second respectively ; 
the angle between the directions of tlie fiist two is 60°, and that be- 
tween the second and third, 90°. Find the magnitude and direction 
of the resultant velocity. 

5. A body has fourcomponent velocities, viz. : 60feet per second 
east, 70 feet per second north, 80 feet per second west, 90 feet per 
second south. Find the magnitude of the resultant velocity. 

6. A body has two componeat velocities, 8 and 10, inclined at an 
angle of 60". Find the magnitude and direction of the resultant 
velocity. 

7. Two equal velocities are simultaneously impressed upon » 
body, one toward tJie north, the other toward the east. The resultant 
velocity is equal to 10. Find the two velocities, and the direction in 
which the body will move. 

8. A train is moving south-eastward at a velocity of 30 miles an 
hour. How fast is it moving eastward, and how fast southward ? 

9. A road is inclined to the horizon at an angle of 60°. What 
velocity does a carriage have vertically and horizontally, when it 
moves up the slope at the rate of 8 miles an hour? 

10. The sail of a ship is set in such a manner that the wind strikes 
it at an angle of 30°. If the wind has a velocity of 15 miles an hour, 
what would be the value of that component perpendicular to the sail ? 



n. WEWTON'S LAWS OF MOTION. 
49, The Momentum of a body in motion is the product 

of its mass by its velocity. For example : if a body wliose 
mass is 40 pounds is moving with a velocity of 20 feet per 
second, then its momentum is 40 X 20 ^ 800. When 
change of momentum is required, the mass is multiplied 
by the change of velocity, 

60. Th© Laws of Motion. — The effect of force in pro- 
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ducing alteration of the motions of bodies is fully defined 
and described in the following propositions, known as 
Newton's Laws of Motion : 

I. Every body continues in its state of rest or of uniform 
motion in a straight line, except in »o far as it may be com- 
pelled by impressed force to change that state. 

II. Change of momentum is proportional to the force 
applied, and takes place in the direction of the straight line 
in which the force acts. 

III. To every action there is always an equal action in an 
opposite direction. 

These laws are of the nature of axioms, incapable of 
experimental proof. They form the foundation of the 
science of Dynamics. 

51. Discussion of the First Law. — This law asserts 
that if a body be at rest, and be left wholly to itself, it 
will forever remain at rest ; that if a body be at one mo- 
ment at rest, and be subsequently found in motion, then it 
has been acted on by some force ; that if a body be in 
motion and be subsequently found at rest or moving at a 
diiferent rate or in a different direction, then it has been 
acted on by a force. Hence, this law suggests that a 
Force is that which changes, or tends to change, a hody^s 
state of rest or motion. 

52. Discussion of the Second Law. — This law shows 
us how to measure force, by assertmg that the intensity 
of a force is proportional to the momentum generated. 
Hence, two forces may be compared by comparing the 
changes of momenta produced in equal times. If the 
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bodies acted on have equal masses, then the forces will 
produce changes of momenta which are t* each other as 
the changes of velocity, that is, as the Acceleration gen- 
erated. Hence, acceleration becomes a measure of force, 
a conclusion applied under falling bodies (88). 

It also is taught by this law that it matters not how 
many forces act simultaneously on a body, each one pro- 
duces its effect independently of the otiiers. From this is 
derived the important principle of Composition of Forces 
(66). 

53. Units of Force. — There are two units of force, the 
Gravitational, and the Dynamic or Absolute. The Oravita- 
tional Unit is the weight of some standard mass, as the 
pound or kilogramme, and is accordingly called the Pound 
or Kilogramme. Since the force of gravity varies with the 
place, these gravitational units of force will vaiy ; and 
though they are convenient for the measurements of the 
engineer, they are not suitable for jtrecise investigations. 
The Dynamic or Absolute Unit of Force is that force which 
acting for a unit of time on a unit of mass produces a unit 
change of velocity. If the unit of mass is the pound and 
the unit of velocity a foot per second, the unit of force is a 
Poundal; if the unit of mass is the gramme and the unit 
of velocity a centimetre per second, then the unit of force 
is a Dyne. These units are invariable in value, being in- 
dependent of the attraction of the earth. 

If the force of gravity at New York act on a mass for 
one second, it has been found that it will impart to it a 
velocity of 32.16 feet per second ; hence, if the raaas is one 
pound, the force of gravity is equal to 32.16 poundals, and 
the poundal is ^^rs of the earth's attraction for the pound- 
mass, or nearly half an ounce at that place. In like man- 
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ner, it appears that the earth's attraction for one gramme 
at New York is 980 dynes, since 32.16 feet equals 980 
centimetres; and one dyne is ^^ of the earth's attrac- 
tion for one gramme-mass. 



64. How Forces are Measured. — It has already been 
pointed out (52) that forces may be compared by compar- 
ing the momenta generated in equal intervals of 
time. The simplest way, however, of measuring ,^=^ 
a force is by the use of a Dynamometer, which \^) 
consists of a spring, to some part of which is atr 
tached a pointer or index, moving in front of 
a graduated scale. The instrument can be ar- 
ranged to give its readings in pounds, grammes, 
poundals, or dynes. The common draw-scale 
(Fig, 18) is a dynamometer, graduated to 
pounds and fractions of a pound. 

66. Graphic Representation of a Force.— "^ 

A force is completely specified when there are // ^ 
given : (1) lu magnitude, (2) J(« direction, \^ 
(3) It» point of application, that is, the point of ^'8' '9- 
the body at which it acts. Since straight lines 
possess all these characteristics, it is evident that forces, 
like velocities (45), may be represented by them. The 
point from which the line is drawn may repi-esent the 
point of application ; the length of the line, the magni- 
tude of the force j and the direction of the line, the direc- 
tion in which the force acts. For example, if a line one 
inch long be used to represent a foi'ce of one unit, then 
a force of 10 units would be represented by a line 10 
inches long. 
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56. Composition of Forces. — If two or more forces 

act on a body, and if a single one can be found which will 
produce the same effect as the two or more forces acting 
together, it ia called the Resultant. I£ two or more forces 
act on a body in such a manner as to put it in motion, and 




Rg. 19. 

a single force can be found which, acting along with these 
two or more, will keep the body at rest, it is called the 
Equilihrant. 

The more important cases of the Composition of Forces 



Fir»t. — If two conettrrinf) ' forces act on a body at . 



■ Catmunlog forco bi 



A polnc tjt appllcBllao. 
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angle, the concurrent diagonal of the- parallelogram whose 
adjacent Bides represent tke directions and the intensities of 
these forces will represent their resultant. 

This is known as the principle of the Parallelogram of 
Forces, and may be verified as follows : 

Szp. — Hook three diiiw-ecales, A, B, and C, into a small iron 
ring, D (Fig. 19), Fasten two ot them to stout pins, E and F, in 
the frame of the black-board. Pull on O, record the readings of 
A, B, and C, and mark the centres of the rings i> and G. Now 
remove the draw-acalea, and draw lines from E, F, and the centre of 
0, to the centi-e of D. Let the i-eadings of A, B, and C he 13, 10, 
and 20, respectively. Using some convenient unit, lay off on DE, DF, 
and DO, the distances 13, 10, and 20, i-espectively. Complete the 
parallelogram DHLK, draw the diagonal DL, and find its value by 
measurement. If the work be carefully done, it will be found that 
DL and DO are in the same straight line and are equal in value. 
Hence, the single force DL is the resultant of the forces DH and DK, 
as it equals DO, their equilibrant. 

Second. — If more than two concurring forces act on a 
body, the resultant mag be found by finding the resultant of 
any two, then of that resultant and a third, and so on till 
all the forces have been considered. The last resultant will 
be the one required. 

This may be verified experimentally by proceeding as 
in the first case, using four or more drnw-seales. 

Third. — The resultant of two parallel forces having the 
same direction is their sum, and its point of application 
divides the line joining the points of application of the two 
components inversely as the magnitudes of those forces. 

This principle may be verified by the following ex- 
periment : 
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Exp. — Suspend two ijraw-scales, A and B, from a suitable frame 
(Fig. 20). Through their hooks slide a wixtden rod. On the side 
opposite to A and B, hook U> the rod a thir<l draw-scale, C. Arrange 
A and B so that thej are ))»ratlel ; then pull on C, and record the 
readings of each draw-scale, as well as the disUncea DK and Kff. 




Fig. aa 



If carefully conducted, the experiment will show th»t C = J + B, and 
-^^ -p-j^. A known weight might be substituted for the third 
draw-scale. 

Fourth. — Jf two equal parallel forcei act at different 
points on a body and in opposite direvtions, they produce 
rotary motion ; no tingle force can replace them. 



Sach an arratigement is known a 



a Couple. An illns- 
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tration is to be seen in the action of the earth on a mag- 
netic needle. If such a needle be displaced from its 
position of north and south, the earth's magnetism attracts 
one end of it and repels the other with equal parallel 
forces, thereby constituting a couple with the effect of 
merely rotating the needle about an axis, till it returns to 
its position of north and south. 

57. Resolution of Forces. — It is often desirable to 
replace a single force by two or more forces without chang- 
ing the effect, or it 
is required to deter- 
mine what part of 
a force is acting in 
a certain direction. 
To illustrate : Let 
it be required to 

resolve a force of 32 " Fig. 21. 

lbs. into two compo- 
nents acting at right angles, one of them to be 12 lbs. 
The problem is evidently to construct a rectangle with a 
diagonal of 82 and a side of 12. Draw AB (Fig. 21) 12 
units long; at A erect AO perpendicular to AB; with 
£ as a centre and with a radius of 82 units, draw the are 
mn cutting j4C at 0; through C draw 0J> parallel to AB', 
and through B draw BB parallel to AC. By (56) it is 
evident tliat BA and BB are the components of BO; 
and hence, BB is the component sought, and its value can 
be found by means of scale and dividers. 

Ab a second illustration, let a body, W, whose weight 
is 20 lbs., be supported on the inclined surface, AB 
(Fig. 22) ; what force acting parallel to the plane will be 
necessary to maintain it ? Draw WM perpendicular to 
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AB, WF representing the weight 20 lbs., WE parallel to 

AB, and FE and FE parallel to WE and WS respec- 
tively . Then, 
TTiTaud TT^are 
<K)mponent3 of 
WF, WH repre- 
sents the press- 
ure on AB, and 
WE represents 
the force urging 
W toward B. 
Hence, to main- 
tain W at rest, it 

will be necessary to apply a force H^ equal and opposite 

to WE. 




1. A force of 100 pounds at New York equals how many 
poundals ? 

2. A constant force acting on a mass of 15 grammes for4 seconds 
gives it a velocity of 20 centimetres per second. Find tlie force in 
d,ne.. 

3. Find how many dynes in a poundal. 

4. What is the force in poundals that in 10 minutes produces a 
reiocil; of a mile a minute in 100 lbs. ? 

a. A mass of 15 lbs. lying on a smooth, flat table is acted apon 
by a force of 60 poundals ; what velocity wiil it have at the end of 
2 seconds? 

6. A force of 30 dynes acts for 12 seconds upon a body resting 
on a smooth, horizontal plane, and imparts to it a velocity of ISO 
centimetres per second ; what is the mass of the body ? 

7. An IS-ton truck is moving; at the rate of 30 miles an hour; 
what is its momentum P 

8. Compare the momentum of a Id-lb. cannon-ball moving at the 
rate of 300 feet per second, with that of a 3-oz. bullet which has a 
velocity of 420 yds. per second. 
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9. Tvia balls have equal momenta. The first weighs 100 kilos., 
ftnd moves with a velocity of 30 metres a second. The other moves 
with a velocity of 600 meti-es a second. What is its mass P 

10. Two forces, 60 and 91 lbs., act at an angle of 90'^, Find 
their resultant. 

11. Two forces act at an angle of 60°. Their resultant is 40 lbs., 
aod one of the forces is 25 lbs. Find the other force. 

12. Forces 20, 30, 40, act on a paiticle ; the angle between the 
directions of the firat two is 45°, and that between the directions of 
the last two is 60'-'. Find the magnitude of the resultant. 

13. A weight of 25 kilogi-ammes is suspended by two Strings, 
inclined to the vertical at 30° and 60°. Find the tension of each 
string. 

14. Four forces of 24, 10, 16, 20 dynes act on a particle, the 
angle between the first and second being 30°, between the second 
and third 90°, and between the third and fourth 120°. Find the mag- 
nitude of the resultant. 

15. Resolve a force of 26 lbs. into two components at right 
angles, one of the forces to be 10 lbs. 

16. Find the point of application of the resultant of two forces, 7 
and 13 units, acting in parallel lines 40 inches apart and in the same 
direction. 

17. A bar 8 metres long is supported in a horizontal position by 
props placed at its extremities ; where must a weight of 100 kilo- 
grammes be hung so that the pressure on one of the props shall be 
30 kilogrammes P 

18. Find the points of application of two forces acting along 
parallel lines one metre apart, so tliat one may be four times the 
other and their resultant 120 kilogrammes. 

58. Discuseion of the Third Law. — If one exerts a 
downward pressure on the table with his hand, the table 
presses the hand upward with an equal force. A magnet 
attracts a piece of iron with a certain force and the iron 
attracts the m^net with an equal force acting in an oppo- 
site direction. A horse drawing a body by means of a 
rope is pulled backward by a force equal to that with 
which the body is drawn forward. These illustrations 
suggest tliat in every action of force, two forces are ap- 
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parently involved ; or rather that the term Force, as 
usually employed, designates only one part of the mutual 
action between bodies. To designate tlie entire action, the 
term Stress is employed, and it receives different names ac- 
cording to the aspect under which it is studied, as pressure, 
tension, attraction, etc. 

69. Befiected Motion is the motion produced in a 
body by the reaction between it and a second body against 
which it strikes. For example, let a highly elastic ball be 
thrown in the direction of AS (Fig. 23), against a surface 
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MN, and let AB represent the magnitude of the inci- 
dent force. This may be resolved into two components, 
DB and OB, the former acting normally to the surface 
MN, and the latter acting in line with the surface. If 
the ball and the plane are each perfectly elastic, then 
the reaction at S will equal the normal component SB; 
and as CB is not affected in any way, it follows that 
after the collision there are two forces acting at B, BB and 
BR, equal respectively to BB and CB. The resultant of 
these two forces is BE, a force evidently equal to AB and 
making with BB an angle equal to that made by AB. 

If the ball and the plane are not perfectly elastic, the 
force due to reaction will be something less than BD,,aa 
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BK, and the resultant BJwill be leas than BE, but will 
make a larger angle with BD. When the elasticity is nil, 
BD will be zero ; and as BM will be the only force acting, 
the ball • will move in obedience to that force and roll 
along the plane. 

The Angle of Incidence is the angle between the direc- 
tion of the incident body and the normal to the surface at 
the point of incidence. The Angle of Reflection is the 
angle between the direction of the reflected body and 
the normal. In Pig. 23 the angle ABD is the angle of in. 
cidence, and EBD that of reflection. 

60. Law of Reflected Motion. — An examination of 
the preceding discussion reveals the following law: 

When the elasticity is perfect, the angles of incidence and of 
reflection are equal aitd in the same plane; hut when the elas- 
ticity is not perfect, the angle of reflection is greater than 
the angle of incidence. 

Bxv — Cutfi'om a board a semicircular piece having a radius of 
about 24 cm. (Fig. 24.) At the centre of 
the semicircle fasten, with its face in the 
diameler, n small rectangular piece of pol- 
ished stone or iron. Di'aw radial lines, 
dividing the circle into t«n-degree spaces. 
Suspend from a suitable support a glass 
ball about 2 cm, in di-tntoter, so as juat 
to touch the polished surface, exactly 
oyer the centi'c of the semiciiculai base 
Stand a common chalk ci-ayon on one of 
the radial lines ; draw o& (ho ball, and le 
lease it successively over different radial 
lines in such a manner thit it will atnke the 
polished surface exactly over the centre of 
the base. Notice tbat the reflected bull 
oveiturns the crayon only when it falls 
along that radial line which makes with the 
normal to the reflecting surface an angle equal 
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to that between the 
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normal and the radial line on which the ciiiyon stood, proving the 
equality of the angles of reflection and incidence. 

If a lead ball be used, it will be found that the crayon ia over- 
turned only when the angle of incidence is considerably smaller 
than that of reflection, a conclusion la harmony with the law for 
imperfectly elastic bodies. 



m. WORE AND ENERGT. 

61. Work. — When a body is moved by the action of 
force upon it, tlie force is said to do Work on the body. 
For example, steam exerts pressure on the piston in the 
cylinder of an engine, causing it to move. The expansive 
force of the steam does work on the piston in overcoming 
its resistance to being moved. If there had been no 
motion of the piston, no work would have been done. In 
merely supporting a body, no work is done, since no mo- 
tion is produced. The force of gravity does no work on 
a stone resting on the ground, yet it causes a pressure 
between the stone and the earth. 

62. Units of Work. — To estimate the work done by 

a force on a body, some unit of work must be selected. 
Four sueh units are in use: the Foot-pound, the Foot- 
poundal, the Kilogramme-metre, and the Erg. A Foot- 
pound is the work done by a force of one pound producing 
a displacement of one foot. This is the one in general use 
among English-speaking engineers. As a unit, it is open 
to the objection that it is variable, owing to the variation 
of the pound with the latitude (53). The Foot-poundal 
is an absolute unit, l>eing the work done by a force of one 
poundal producing a displacement of one foot. Since 
there are 32.16 poundals in the weight of one pound mass 
at New York, then there are 32.16 foot-poundals in the . 
foot-pound at that place. 
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In the metric sjBteni, the corresponding units are the 
Kilogramme-'metre and the Erg. The former is the amount 
of work done by a force of one kilogramme producing a 
displacement of one metre ; the latter is the amount of 
work done by a force of one dyne producing a displace- 
ment of one centimetre. Since there are 980,000 dynes 
in the weight of one kilogramme-maas at New York, and 
100 centimetres in a metre, then in a kilogramme-metre 
there are 98,000,000 ei^ at that place. 

63. Power. — In comparing i^nta capable of doing 
work, the time consumed in doing the work is a very im- 
portant consideration. Hence, the Power., or the rate at 
which the agent works, must be measured. The unit 
of power is the power of an agent which can do a unit of 
work in a unit of time. When the agent is capable 
of doing a large amount of work, a multiple unit, as the 
Horse-Power, is used, which equals 33,000 foot-pounds of 
work in one minute, or 550 foot-pounds in one second. 

64. Work Oomputed. — Since a unit of work is done 
when unit force displaces a body through unit distance, 
then 5 units are done by a force of 5 units displacing a 
body through a unit distance, and 5x2 units of work are 
done if this force produces a displacement of 2 uuita of 
distance. Hence, the amount of work done by a force is ex- 
pressed by the product of the number of units of force by the 
number of units of displacement. Let F equal the number 
of units of force, and ^S" the space moved over ; then the 
work done equals F X S. 

Since the resistance overcome has the same nuraerical 
measure as the force acting (58), the work can be com- 
puted by multiplying the resistance by the space, or work 
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done equals W^ X S,in which Wis the measure of the re- 
sistance overcome. When a body is lifted in opposition to 
gravity, W is evidently the weight j in moving a body in 
any other direction TTmust be determined either by com- 
putation or by experiment. 

65. Energy. — Experience teaches that a body in 
motion can impart motion to a second body. For example, 
the moving bat in the hands of the ball-player may impart 
motion to the ball, that is, it does work on the ball. 
Hence, a hody in motion can do work on other bodies. 

Again, if we lift a weight from the floor to the table, we 
do work upon the weight. Now if we attach a cord to this 
weight, pass it over a pulley or grooved wheel, fasten the 
free end to a second weight somewhat smaller and remove 
the supporting table, the weight falls to the floor, and in 
so doing raises from the floor the smaller weight, that is, 
does work upon it. If the table had been higher, or the 
first weight had been heavier, then more work would have 
been done in placing it on the table, and it could have ■ 
done more work in falling to the floor. Hence, a hody by 
virtue of its pomtion can do work. 

Energy is the capacity of doing work, and is possessed 
by matter by virtue of work having been previously done 
upon it. 

66. Types of Energy. — As seen by the illustrations 
given in the last section, there are two types of energy, 
one due to the motion of the body and the other due to its 
relative position. The former is called Kinetic Miiergy and 
the latter Potential Energy or Energy of Position orSt}:£it*~~ 

67. Kinetic Energy may be defined as the capacity 
of doing work possessed by a body by virtue of its motion. 

.OOglf 
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If -A ball be thrown vertically upward, it possesses kinetic 
enerc/if at the beginning of its journey, because it has 
motion. If intercepted by a second body, it would impart 
motion to the intercepting body, that ia, do work upon it. 
If the ball be left to itself, it gradually loses its motion 
and finally comes to rest. At this moment it possesses no 
kinetic energy, but, as will be explained later (70), the 
energy has been transformed into the other type. 

68, Potential Energy is the enei^y possessed by a body 
by virtue of its position with reference to some other body, 
or by virtue of the relative position of its parts. Thus, 
when a stone has been lifted to a certain height above the 
earth's surface, work has been done in overcoming the at- 
traction existing between the earth and the stone. If the 
stone is allowed to fall to the earth, it is able to do a certain 
amount of work. Hence, the stone in its elevated position 
possesses Potential Energy., or, as it is sometimes called, 
Energy of Position. In coiling up a spiing, or bending a 
bow, work is done in distorting the body, or placing it 
under stress ; that is, the relative position of the parts of 
the body is changed ; and it possesses, by virtue of this 
distortion, potential energy. 

69. Energy Measured. — It is evident from the defi- 
nition of energy that it is not only a measurable quantity, 
but also that it is a quantity to be measured by the same 
units as those used in measuring work. In Art. 52 it was 
pointed out that force is measured by the momentum ac- 
quired in one second ; that is, F=:Ma., in which ^represents 
the mass, and a the acceleration. Hence, Fx S = Ma X S. 

But5=K'(44). Therefore, J" X 5:= Jt/flX^- ^MV. 

Since F X S is & measure of the work done (64) and 
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hence of the energy expended, or to be expended, then 
the Kinetic Energy in absolute units, foot poundals, or 
erg8 is expressed by ^MV*. 

In the latitude of New York, foot-poundals can be 
reduced to foot-pounda by dividing by 32.13, and ergs to 
kilogramme-meties by dividing by 98,000,000 (62). 

70. Transformationa of Bner^y. — It lias already been 
said that if a ball be thrown vertically upward, it gradually 
loses its motion, and hence its kinetic energy, but it 
acquires energy of position. If the ball be allowed to 
fall, it regains it-s original motion, and hence its kinetic 
energy ; but it loses its potential energy. When the ball 
strikes the ground its motion ceases, and its enei^y is 
apparently destroyed. Extended experiments have demon- 
strated that both the ground and the ball ai'e warmer after 
the impact than before, by an amount bearing a fixed 
relation to the amount of energy used up. It will be seen 
in Chapter IV. that heat is due to the motion of the mole- 
cules of a body, and that the kinetic energy of the body 
as a whole has been divided up between the molecules of 
the body and the ground, thereby increasing their kinetic 
energy or heat. The energy of a heat-engine is derived 
from the heat evolved by the combustion of the fuel, and 
this fuel maybe regarded as representing a certain amount 
of the energy of the sun (its heat), transformed into 
potential energy in the cell of the growing plant. 

71. Indestructibility of Bnersy. — Energy resembles 
matter in being unchangeable in amount. It cannot be 
given to one body without taking it from another. The 
energy of the flying ball came from the arm which threw 
it, and that of the rapitUy moving locomotive from the 
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steam in the engine cylinder. In all transferences and 
transformations of energy there is no loss, that is, the 
total energy of the universe is constant. 

73. Matter and Energy, — "All that we know about 
matter relates to the series of phenomena in which energy 
is transferred from one portion of matter to another till 
in some part of the series our bodies are affected, and we 
become conscious of a sensation. We are acquainted with 
matter only as that which may have energy coramunicated 
to it from other matter, Enei'gy, on the other hand, we 
know only as that which in all natural .phenomena is con- 
tinually passing from one portion of matter to another. 
It cannot exist except in connection with matter." ' 



1. What causes the "kick" of a gun? Why is it less in the case 
of a heavy gun ? 

2. Two bodies, weighing 50 pounds and 75 pounds respectively, 
have the same momenta. If the first has a velocity of 1,000 tl. per 
second, what velocity liaa the second ? 

3. Of what horse-power is an engine which can r^se 20 tons in 
5 minutes to the height of 50 feet? 

4. How many gallons of water can a 100 H.-P. engine raise 200 
feet high in 10 hours ? Assume that a gallon of water weighs 8 lbs. 

5. A shot of 30 pounds is fired from a gun of 3 tons, and leaves 
it with a velocity of 1,500 feet per second ; find the velocity of the 
gun's recoil. 

6. A mass of 1,000 pounds, moving with a velocity of 500 feet 
per second, possesses how much energy * 

7. Why is it that percussion is so much more eflfeotive than 
pressure in driving a nail into a board ? 

8. An inelastic body, weighing 250 kilogrammes and moving 
with a velocity of 20 metres per second, meets anothei inelastic 
body, weighing 300 kilogrammes and moving with a velocity of 

1 MKweirs " MMlBt uid Motion page IBS ] ] 



50 ELEMENTS OF PHYSICS. 

2 iDetres per second in the opposite direction. Find the momentum 
and the velocity after impact. 

9. If a cannon-ball were discharged from the rear end of an ex- 
press-train, directly along the track, at the same rate as the train la 
moving forward, what would be the motion of the ball relative to 
liie ground? 

10. Find the work done by a force of 100 dynes acting through a 
distance of 25 metres. Express the result in ergs. 

11. Express in foot-poundals the work done in raising a weight 
of one ton through a vertical height of .^ yards. 

12. What is tlie potential energy in foot-pounds of a gallon of 
water in a reservoir at the height of 200 feet above the ground? 

13. What is the energy of a mass of 5 kilogrammes moving with ' 
a velocity of 50 metres per second ? 

14. A steam-en^ne supplies 1,000 houses with 100 gallons of 
water each, working 12 hours per day ; if the mean height to which 
the water has been raised is SO feet, at what rate does the engine 



IT. GRAVITATION. — CENTRE OF MASS. — STABIUTT. 

73. Universal Gravitation. — The earth attracts to it 
all objects on its surface giving them Weight. Sir Isaac 
Newton was the first to establish the proposition that this 
attractive force is not limited by distance, but that every 
particle in the universe attracts every other particle. This 
mutual action is known as Universal Gravitation. 

74. Lair of Attraction. — The attraction between two 
bodies varies directly as the product of their masses, and tn- 
versely as the square of the distance between t/ieir centres of 
mass (77). 

To illustrate : If the attraction between two units of 
mass separated by a unit of distance be a, then a body 
which contains m units of mass will attract a unit mass at 
unit distance with a force of ma, and its attraction for a 
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body of n units of mass will he mna. In like manner, it 

may be shown that the attraction of the second body for 
the first is mna. If the distance between the bodies be 
increased to 2 units, then the attraction will be i of what 

it was before; if to 3 units, |; if to li units, -jj of mna, 

that is, the attraction is t, -. 

75. (Jravity is the attraction of the earth for other 
bodies. Its measure in each case is the Weight of the body. 
The tendency of any body to fall toward the earth is due 
to the mutual attraction between that body and the earth. 
The path described by a falling body is a Vertical Line, 
and a line or plane perpendicular to it is said to be Sori- 
zontal. All vertical lines converge to the earth's centre ; 
but those drawn through neighboring points may be con- 
sidered as parallel without sensible error, owing to the 
great distance of their point of meeting. The position of 
the vertical line at any point can be determined by sus- 
pending a weight by a string passing through the point. 
Such a device is called a Plumb-line. 

76. Law of "Weight. — Since the earth is not a perfect 
sphere, it follows from the law of attraction that the 
weight of an object at one place may differ from its weight 
at another place. For bodies above the surface, the weight 
varies inversely as the square of the distance from the centre; 
and for bodies below the surface, the weight varies approa^i- 
matelg as the distance from the centre. 

TJ. Centre of Mass. — If the particles of a body are 
acted on by a number of equal and parallel forces, a force 
to each particle, the point of application of the resultant 
of these forces is the Centre of Mass of that body. Since 
the attraction between the earth and any body on its sur- 
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face is an instance of a lai^e number of equal and parallel 
forces, a force to each particle of the body, the point of 
application of the resultant (the weight) is the Centre of 
Mass or Gravity. This point is abo known as the Centre 
of Inertia; because when a body is acted on by any force, 
there is, owing to inertia, an equal reaction in the opposite 
direction on the part of each particle, which is equivalent 
to a aeries of parallel forces whose resultant would have its 
point of application at the Centre of Mass. 

It is evident from what precedes that the mass as well 
as the -weight of a body may be considered as concentrated 
at the centre of mass, and that any force acting on a 
body at its centre of mass will produce a motion of trans- 
lation ; but if it acts at any other point, it forms a couple 
with the reaction at the centre of mass, and this produces 
a rotary motion. 

78. Equilibrium. — A body is in Equilibrium when 
the I'esultant of all the forces acting upon it is zero. In 
the case of a pivoted body, acted on by gravity alone, 
it can be in equilibrium only when 
the vertical line through the centre 
of mass passes through the point of 
support. For let J. be a body 
whose centre of mass is G (Fig. 
25), and let B be the pivot or the 
point of support. Represent the 
weight by CE. When CE does 
not pass through B, it is evident 
that it can be resolved into two com- 
ponents, CD and t/J", the former pro- 
ducing pressure on 5 in the direction 
of BD, the latter causing C to move 
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to the right. As C approaches the vertical through B, 
CF vi\W decrease, becoming zero when CE coincides with 
that vertical. When CE passes through B there can be 
no motion, as the case becomes one of two equal, concur- 
rent, and oppositely directed forces whose resultant is zero. 
In the case of a body supported on a surface, to be in 
equilibrium it must have the vertical line through its centre 
of mass fall within its base. When this vertical line falls 
without the base, the body will overturn, for the supports 
ing force does not act opposite to the weight, but parallel 
to it, forming a couple. If the body is supported on legs, 
as, for example, a chair, the base is the polygon formed by 
the lines connecting these points of support. 

79. KindB of Equilibrium. — Bhtp. — Fill a round-bottomed 
Florence flaak one-quarter full of shot, filling the remiuning space 
with paper to keep the 
shot in place (Fig. 26). 
Now, tip lie flask orer, 
and notice that after a 
few oscillations it returns 
to its original upright 
position. If the experi- 
ment be repeated with a 
similar but empty flask, 
it will be found impos- 
sible tomakeitm 



unsupported, any other position than a recumbent one. In this posi- 
tion, however, we may roll it about at pleasure, and it will maintain 
any position in which both top and bottom rest on the supporting plane. 

A study of this experiment reveals the following facts: 

(1) The centre of mass is nearer the supporting plane in the 
loaded flask than in the empty one, provided both are erect. 

(2) In overturning the loaded flask the centre of mass 
was raised and at the same time the vertical line through 
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it waa thrown without the i>oint of support in such a man- 
ner that the effect of gravity wits to make it return to its 
original position ; in overturning the empty fiask, the cen- 
tre of mass was lowered and the vertical line through it 
brought without the base in such a way that the effect of 
gravity was to prevent the flask's assuming a vertical posi- 
tion. (3) In rolling about tlie overturned flask the centre 
of mass wajs neither raised nor lowered. Hence, we have 
three kinds of equilibrium. Stable, 
when the centre of mass is raised 
by overturning the body ; Unstable, 
when it is lowered; and Neutral, 
when it is neither raised nor low- 
ered. 

80. lUuBtTBtions. — The rocking- 
horse, the swing, and the rocking- 
chair are constructed in such a 
manner that when moved the cen- 
tre of mass is raised, and hence they 
return to their oiigiual position, be- 
ing cases of stable equilibrium. A 
lead- pencil will not stand on its 
point because the slightest displace- 
ment lowers the centre of mass and the equilibrium is un- 
stable. By inserting two knives with heavy handles as 
shown in Fig. 27, the centre of mass of the combination is 
brought below the point of support, and any tipping over 
of the pencil raises the centre of mass, the knives having 
changed the case from one of unstable to one of stable 
equilibrium. 

It not infrequently happens that two kinds of equi- 
librium are illustrated in the same object, as in the case of 
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a coin placed oa edge, which is in neutral equilibrium for 
displacementa in ita own plane and in unstable equilibrium 

for displacements in any other direction. 

81. The Stability of a body has reference to the ease 
with which it may be overturned and is measured by the 




amount of work that muut be done in order to overturn it. 
An inspection of Fig. 28 will make it evident that it is 
diminished by ii^creasing the height, and increased both by 
increasing the base and by lowering the centre of mass. Crep- 
resents the centre of mass, A the point about which it is 
overturned, and BD the height through which the centre 
of mass is moved, or the weight lifted in order to bring it 
over A, where the condition is one of unstable equilibrium. 
BD therefore measures the stability, it the masses are 
considered equal. 
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83. Applications. — In loading a wagon with an as- 
Bortment of articles, the heavy ones are placed at the 
bottom of the load, in order that the centre of the mass 
may be kept as low as possible. Quadrupeds walk much 
younger than children, owing to the supporting base 
being much larger, thereby increasing the stability. The 
art of the rope-dancer consists in keeping his centre of 
mass over the supporting rope. The bases of stands are 
frequently made of some heavy material, in order to keep 
the centre of mass as low as possible. The boy on stilts 
finds it difficult to maintain his position because of the 
height of the centre of mass above the base, and the de- 
crease in the size of the base. 



BXBBCI8E8. 

1. How far below the surface oi the earth will a lO-Ib. ball weigh 
only 4 lbs. P 

2. A boclf at the earth's surface weighs 900 pounds ; what would 
it weigh 8,000 miles above the surface ? 

3. What effect woulil it have on the weight of a body to double 
both its mass and also that of the earth ? 

4. How far below the surface of the earth must an avoirdupois 
pound-weight be placed, in order to weigh an ouDce ? 

5. What would .i body weighing 550 Iba. on tlie surface of the 
earth weigh 3,000 miles below the surface ? 

6. If a body falls 16 ft. in a secoud at ihe surface of the earth 
(radius = 4,000 miles), how far would it fall in one second at the 
distance of 240,000 milea from the earth's centre? 

7. The mass of tlie sun is 330.000 times that of the earth, and the 
radius of the sun is 440,000 miles. Find how far a body will fall in 
one second on the sun, if the earth's radius is 4,000 milesP 

8. Why does a person lean forward in climbing a hill ? 

9. Why is a pyramidal-shaped structure very stable? 

10. Why can an old man walk better with the aid of a cane ? 
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11. Why does a ship without a regular cargo carry a. ballast of 
coal, stone, salt, or somn heavy material? 

12. If a body weighs 100 lbs. on the earth, how much will it 
weigh OQ the sun, the sun's mass being 330,000 times that of the 
earth, and its radius 110 times that of the earth P 



V. CXTRVILDrEAH MOTION. 

83. How Produced. — It a ball attached to the end of 
a string be whirled around the hand, it will be felt to pull 
on the string as if endeavoring to break away, that is, there 
is a constant tension on the string as the ball moves in a 
circular path. There are evidently, then, two forces in- 
volved in the phenomenon, first, that which set the ball in 
motion, known as the Tangential, and secondly, the Centrip- 
etal, seen in the tension of the string which deflects the 
ball from what would otherwise, in obedience to the first 
law of motion, be a rectilinear path. 

84. The Centrifugal Force is the resistance offered by 
the body, due to its inertia, to the deflection from a 
rectilinear path. It is merely the reaction of the moving 
body against the Centripetal Force. These two forces are, 
therefore, but different aspects of the stress along the 
radius of the curved path described by the body. 

85. Magnitude of these Forces. — If the mass of a 
body moving in a circular path be represented by M, the 
velocity by v, the radius by r, and the acceleration due to 
gravity by g, it is easily shown that the Centripetal or 

Mv' wv' . 

Centrifugal Force = — — in absolute units and — in gravi- 
tation units. To illustrate: let a body of 10 pounds move 
in a circle of 5 feet radius with a velocity of 20 feet per 
second, then the pull on the cord, confining it to the 
,. ;) , Cookie 
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: 800 poundals = 



= 24.85 pounds 



centre ^ ^ — : 

at New York,' 



86. Lawa Gtovemin? Ceatrifosal Force. — An inspec- 
tion of the formula just given suggests the following laws : 

I. The centrifugal force varies a» the man». 

II. The centrifugal force varies as the square of the 
velocity when the radius is constant. 

III. The centrifugal force varies inversely as the radius 
when the velocity is constant. 

87. The Laws Illustrated. — That the centrifugal 
force increases with the velocity of rotation is illustrated 
by the bursting of grindstones and balance wheels when 
run at too high a speed. By the boy's sling is illustrated 
not only the increase of centrifugal force with an increase 
of velocity, but also the fact that it is affected by the length 
of the radius. On releasing one of the strings, the stone 
flies off in a line tangent to the curved path described by 
the sling. The overturning nf a carriage, if the driver urges 
the horses to too high a speed when rounding a corner, is 
also an instance of centrifugal force affected by velocity. 

An ingenious application of the tendency of matter, 



eralng the diaUnce AB (Fig. 2») li 

ralght llDe due lo the cenlrlpFtaL for 

vnrd O. Let >i be the acceleration 

jrce. Then AE = JatV By Ooon 

~^ = AE ' AC, and by Art. *i. AB = cl. 
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when moving in a curved path, to leave that path from 
inertia is seen in the centrifugal machines employed in 
laundries for drj'ing clothes, in sugar refineries for remov- 
ing molasses from the sugar, and in apiaries for extract- 
ing honey from the comb. Centrifugal force accounts for 
the opening out of the balls of a Watt's governor on a 
steam-engine on any increase of speed, thereby regulating 
the supply of steam. 

The figure of the earth is an oblate spheroid, the diame- 
ter through the poles being less than that through the 
equator. This flattening at the poles was undoubtedly 
caused by centrifugal force when the earth was cooling 
down from a liquid to its present solid state. 



VI. ACCELERATED MOTION. — FAIXIKG BODIES. 

88. Accelerated Hotdon. ^ — It has been shown in Art. 

44 that the relations between velocity, time, space, and accel- 
eration, in the case of a body having uniformly accelerated 
motion, are expressed by the formulte v^^at and s :^ ^af. 
To find the distance passed over during any unit of time, 
it wdll be necessary to subtract the distance passed over in 
t — 1 units from that passed over in t units. Representing 
this distance by s', we have s' ^ ^at' — Ja(( — 1}" = Ja 
(2I-1> 

89. Laws. — From the foregoing formulfe we derive 
the following: 

I. The velocity at the end of any unit of time is equal to 
the acceleration multiplied by the number of units of time. 

II. The acceleration is equal to twice the space passed 
over during the first unit of time ; for if ( = 1, then s =^ Ja. 
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HI. The distance passed over during any single unit of 
time is equal to one-half of the acceleration multiplied by one 
less than twice the number of units of time. 

IV. The total distance passed over is e^ptal to one-half of 
the acceleration multiplied by the square of the number of 
units of time. 

90. Experimentftl Proof. — The laws of accelerated 
motion were first verified experimentally by Galileo. His 
method consisted in reducing the velocity of falling bodies 
by making only a part of the force of gravity effective in 
producing motion. In Art, 57 it was shown that if a body 
rests on an inclined plane only a part of the force of 
gravity is effective in moving the body down the plane ; 
hence the acceleration is less than that of a body falling 
freely, and the position of the moving body at the end of 
any unit of time can be easily marked. 

Bip — Select a straight plank aboot 16 ft. long, and tack length- 
wise of it a straight wooden strip about j in. square. To the lateral 
faaes of this strip fasten strips of bi'ass or zinc 1 in. wide, thus 
making a grooved track, which should be straight and free from 
inequalities. Raise one end of the plank twelve inches higher than 
the other. The average of I'epealed trials will show that an iron 
ball will Toll down this plane a distance of about one foot during the 
frst second, four feet during two seconds, nine feet during three 
seconds, and sixteen feet during four seconds. Theae results may 
be tabulated as follows : 

Ho. of ToUl DlMADcM daring DisUDEe added por 



I'Xl 


If 


. = (2X1—1) 1 


2'Xl 


3 


= (2X2 — 1) 1 


3'Xl 


5 


• = (2X3 — 1) 1 


4'Xl 


7 


'=(2x4 — 1) 1 



An inspection of the above table shows that the total 
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diatance passed over at the end of any second is equal to 
the square of the number of seconds times the distance 
passed over the first second ; that the distance during any 
second is equal to one less than twice the number of seconds 
times the distance passed over the first second ; and that 
the distance passed over during the first second is one-half 
of the acceleration or gain in distance each second. 

91. FalliniT Bodies. — It has already been pointed out 
that bodies fall to the earth from the attraction of gravity, 
and that the intensity of this force is affected by distance; 
that is, the attraction between a falhng body and the 
earth increases as the body approaches the earth. Unless 
the body falls from a very great height, it will be found 
that the increase in the attraction is so small that no sen- 
sible error is committed by regarding the force of attrac- 
tion as constant. Hence, if we neglect the resistance of 
the air, the motion of a falling body will be uniformly 
accelerated, and the laws for falling bodies will be '■.hose 
for uniformly accelerated motion. 

02. The Acceleration due to Gravity is denoted by ff, 
and varies with the latitude, owing to the earth's rotation 
and its lack of perfect sphericity. The value is least at 
the equator and greatest at the poles. For the latitude of 
New York its value is 980 cm. or 82.16 ft. 

93. Lawa of Falline Bodies. — From what has pre- 
ceded it is evident that the laws of falling bodies may be 
derived from those for uniformly accelerated motion by 

substituting (/ for a, which gives v^fft,8'^=^(2t — 1), and 

8 = j^' in which t is to be given iu seconds. 
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64. Deductions from these Laws. — First, If ( ^ 1, 

then v^^ff, that is, the velocity of a body falling freely 
from a state of rest for one second is equal to the aecelera- 
' tion. Second, If ( = 1, then « ^ J^, that is, the total space 
passed over in one second by a body falling freely is one- 
half of the acceleration. Third, If the 



value t = 



we have > 



■ be substituted in 



--igf. 



'■¥ 



from which 



togethi 

It is 

of the 



V ^x/'lgs, showing that the velocity ac- 
quired by a falling body varies as the 
square root of the height. Fourth, It 
will be noticed that the formulse for fall- 
ing bodies contain no expression for the 
mass of the body. Hence we infer that 
the mass of a body does not aflect its time 
of falling any given distance. Galileo was 
the first to point out this truth and to 
demonstrate it experimentally by letting 
unequal masses fall from the top of the 
leaning tower of Pisa. 



Bip. — A glass tube, about four feet long (Fig- 
30), is closed at one oiiil. and to the other is fitted 
A stop-cock ; within the tube pliice a shot and a 
pitb-ball of equiil size. Hold the tube in a 
vei'tical position, then suddenly invert it ; the shot 
reaches the opposite end first. Now connect the 

> an air-pump, and exhaust the air as perfectly aa passible. 

erting the tu1:>e, the balls will reach the opposite end nearly 

i suggested by this experiment that, if the resistance 
air could be wholly eliminated, the time of falling 
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would be independent of mass. If, however, the air be 
not eliminated, tliat body which has the less surface in 
proportion to its mass will fall the faster, since it suffers 
less resistance. 

The resistance offered by the air to 
bodies falling through it is illustrated 
by the case of a mass of water falling 
over a high precipice, it being divided 
up into fine spray before reaching the 
bottom. In a vacuum water falls like a 
solid, as is shown by the Water Hammer 
(Fig. 31), an instrument consisting of 
a closed tube of thick glass, half full of 
water, the air having been exptUed by 
boiling the water before sealing the tube. 

05. Bodies Thrown Upward. — If a 

body be thrown vertically upward, its 
velocity will be diminished each second 
by g; hence, neglecting the resistance 
of the air, the time of the ascent will be 
found by dividing its initial velocity by 




; that i 



It also follows that the times of 



ascent and of descent are equal, and that a body re- 
turns to its starting-point with a velocity equal to that 
with which it set out. 



Vn. THE PESDIJLUH. 
06. Th.e Pendulum consists of an object supported so 
as to move to and fro about a fixed point. In investigating 
its theory, use is made of an ideal peJidulum, which con- 
sists of a mateiial particle suspended by a weightless 
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string. Such a pendulum can exist only in the imagina- 
tion, but its properties can be approximately determined 
by suspending a small lead ball by a fine thread. 

97. Its Motion Sxplained. — Let N (Fig. 32) be 
a particle attached by the thread AN to A. If left to 
itself it takes the position 
of the vertical through A. 
If drawn aside to the posi- 
tion B and released, it 
will move toward N, be- 
cause of the component 
BC of the force of grav- 
ity BG- (57). As it ap- 
proaches K, this compon- 
ent grows smaller (the 
student should convince 
himself of this by drawing 
a iigure with B nearer to 
N~), and is nothing at N. 
The particle in falling 
from B io N \a under the 
influence of a continuoiis 
force (8), and therefore its motion is accelerated (42), 
and its kinetic energy continually increased, reaching its 
greatest value at N. On account of this motion it will 
pass through N, and rise to ^ as far on the other side 
of iV" as -B was, provided there is no resistance from the 
air. In moving from N Xa E it is opposed by the efiEec- 
tive component of gravity, which passes successively 
through the same values as in going from B to N, but in 
reverse order. The effect is to use up the kinetic energy 
possessed at ^iu doing work against this component ; that 
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18, to convert it into potential enei^y at H of the same 
amount as previonsly possessed at B. Hence, it will 
oscillate to and fro between £ and £ for an indefinite 

length of time. 

98. Terms DeSned. — A Simple Vibration is the motion 
of the particle fi'om B to H, whereas a Complete Vibration 
is the motion from B to £ and back again. The Time or 
Period of Vibration is that consumed in moving from B to 
U and is half that of a Complete Period, which is that 
consumed in moving fiom B to E and back again, or more 
generally, in passing from any point to its next passage 
through that point in the same direction. Half the angle 
described by the swinging pendulum is the Amplitude; 
for example, BAN. 

99. LiowB of the Pendulum. — - It is shown in Dyna- 
mics that if the amplitude of vibration does not exceed 
about three degrees, the time of vibration depends solely 
on the acceleration due to gravity and on the length of the 

pendulum, and is given by the formula t = 7t* /_, in which 

7t = 3.1416, 1 = length, and (/ = the acceleration. As this 
formula contains but two quantities subject to change of 
value, namely, length and acceleration, the following laws 
are evidently comprehended in it : 

I. The time of vibration is independent of amplitude, if 
the amplitude be small. 

II. The time of vibration at any one place varies as the 
square root of the length. 

III. The time of vibration varies inversely as the square 
root of the acceleration. 

IV. The vibrations at any place are made in equal times. 

D,.;,l,ZDdbyC00g[t: 



66 ELEMENTS OF PHTS1C8. 

100. Ezperimental Verification. — The above laws may 
be partly tested as follows : 

Suspend three lead balls as show-n in Fig. 83. T^et the lengths 
of the supporting threads, taken in each case to the centre of the 
ball, be 1 ni,, J m., and J m. respectively. Find the time of a single 
vibration in each ease by counting the number made in, say, 10 
sec. These times will be found to be 1 see., j see., and ) sec. nearly, 
showing tliat the times are directly proportional 
to the square root of the lengths. Again, construct 
a pendulum, using an iron ball. Place a powerful 
magnet beneath it, so that the swinging ball will 
just escape touching it. If we determine the time 
lit vibration, and then redetermine it with Ihe 
magnet in position, we shall find that the mag- 
net's attraction perceptibly lessens it. Placing 
the magnet beneath the iron ball is equivalent to 
moving the pendulum to a place where the ac- 
celeration due to gravity is greater. The experi- 
ment shows that the time would be lessened by 
such a change in the conditions. 

101. A Second's Pendulum at any 

given place is one which makes a single 
vibration in one second. Its length for 
p. jj the latitude of New York can be com- 

puted by making ( ^ 1 and g =^ 980.19 cm. 



in the formula t - 



t-» /-and solving for I. [To be done 

by the student.] Since ff increases on going from the 
equator toward either pole, it is evident that I must in- 



102. A Compound Pendulum is a body supported on 

a horizontal axis, and free to swing about that axis under 
the action of the force of gravity. It is evident that 
every actual pendulum is compound. The most common 
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form consists of ti heavy metallic weight (Fig. 34) called 
the Boh, supported by a slender rod, thin 
and flexible at the top. 



103. Centres of Suspension and of 
Oscillation. — Let AB (Fig. 35) repre- 
sent a bar suspended from C, so as to 
have freedom of motion round that point; 
then is the Centre of Suspension. Let 
(? represent the centre of mass. This 
bar is a compound pendulum, and may 
be considered as composed of as many 
simple pendulums as there are material 
particles in it. According to the law of 
length, those particles nearer to will 
strive to complete a vibration in less time 
than those more remote. The effect will 
be that the particles near will acceler- 
ate the movement of those particles far- 
ther away, and those farther away will 
in turn retard the motion of those nearer 
to C. It is evident that there 
is some intermediate point, as 
D, which is neither acceler- 
ated by those above it, nor 
retarded by those below it, for 
the reason that its distance ^.^ 
from C is such that, under the 
law of length, its time is that of the bar under 
consideration. This point is the Centre of 
Oscillation. As the particle at this point ful- 
fils all the conditions of a simple pendulum 
)=. whose time is that of the compound pendulum, 
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the length of the compound pendulum may he regarded m the 
distance between the centres of suspension and oscillation. 

104. These Points Interchangeable. — Huygheus, a 
celebrated Dutch physicist, discovered that the centres of 
suspension and oscillation are interchangeable, that is, if a 
pendulum be reversed in position and he suspended from 
what was its centre of oscillation, the time of vibration 
will be unchanged. This discovery makes it possible to de- 
termine by experiment the true length of a pendulum, by 
observing the time of vibration of a compound pendulum, 
and then finding by trial the position of a second point on 
the other side of the centre of mass, about which the time 
of vibration is the same. The distance between these 
points is the length of the pendulum. 

105. Utility of the Pendulum. — Galileo is said to have 

been the first to point out that the pendulum performs its 
successive vibrations in equal intervals of time. This 
property commended it to him as a valuable measurer of 
time. The common clock is merely an instrument for keep- 
ing the pendulum in vibration, and recording the number 
of its vibrations. Since the vibration-period is affected by 
any change in the length of the pendulum, it is evident that 
if regularity is to be secured, invariability of length must 
be maintained. It is well known that heat lengthens rods 
and cold contracts them ; hence it follows that clocks #111 
lose time on exposure to heat, and gain on exposure to 
cold. To correct for such variations, the bob can be raised 
or lowered by means of an adjusting screw, thus changing 
the length of the pendulnm. In astronomical clocks, the 
pendulums are made of two different metals, so combined 
that their changes in length act against each other, pro- 
ducing nearly perfect compensation. 
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The pendulum is of great value in measuring the accel- 
eration due to gravity. This is evident from the formula 
t^n^ /—; for, if we determine ( for a pendulum of known 

length at any place, we can readily compute the value of ff. 
Like all rotating or vibrating bodies, the pendulum 
maintains its plane of vibration unchanged. Foucault was 
the first to apply this fact in the experimental demonstra- 
tion of the earth's rotation on its axis. 



1. A toy-car whose masa is i lb. runs at the rate of 5 miles aa 
hour on a level circular railway 20 feet in cii'cumference ; calculate 
the horizontal pressure on Iho rails in pounds, also in pouiidals. 

2. A mass of 20 pounds is revolving uniformly, once in 5 
seconds, in a circle whose radius is 3 feet. Find the centrifugal 

3. A mass of I lb. is placed on the rim of a wheel 2 ft. in diam- 
eter, which revolves on its axis, and is otherwise balanced. The 
linear velocity of the rim being 30 ft. per sec, what is the pull on 
the axis caused by the mass of 1 lb. ? 

4. H a lower were 200 ft. high, with what velocity would a stone 
dropped from the top strike the ground ? 

5. A rifle ball is shot vertically upward with a velocity of 1,500 
ft. per second ; in what time will it reach the ground ? 

6. A stone thrown over a tree reaches the ground in 3 sec. ; what 
is th^ height of the tree ? 

7. The acceleration due to gravity at Paris is 9.81 nieti-es per 
second; what is the length of the second's pendulum at (hat place? 

8- What must be the value of g in order that a pendulum one 
metre long shall vibrate seconds P 

3. What must be the length of a pendulum that shall make 70 
vibrations per minute, when g = 32.16 ft. ? 

10. A pendnlum 10 ft. in length makes 10 ccmplele vibrations in 
35 seconds; what is the value of 17 at the place? 
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Vm. SIHPLE HACHUfES. 



106. A Machine is any contrivance having for its ob- 
ject the transference or the transformation of energy. An 
electric lighting plant illustrates both of these uses. The 
energy of the steam is communicated to the moving parts 
of the engine, to be ti-ansferred by belts to the armature ot 
the dynamo, where it is transformed into electric energy. 

In mechanics it b customary to restrict the terra " ma- 
chine " to such devices as merely transfer energy. This 
is clearly the duty of those known as Simple Machines or 
Mechanical Powers. They are six in number, the Lever. 
Wheel and Axle, Pullet/, Inclined Plane, Wedge, and Screw. 

■j /All other machines are but combinations of two or more 

> ' of these. 

107. Forces Involved. — In every machine there are 
two forces involved, the Weiffht and the Power. By the 
former is meant the resistance to be overcome, which may 
be a weight to be lifted in opposition to gravity, or a body 
to be moved in opposition to some force, as cohesion ; by 
the latter is to be understood the force necessary to over- 
come such resistances. 

108. Mechanical Advantage. — The general problem 
in machines consists in finding the ratio of the weight to 
the power, in terms of some easily determined dimensions 
of parts of the machine in question. This ratio is called 
the Mechanical Advantage. In elementary discussions of 
machines it is the practice to neglect all friction and to as- 
sume that the parts are perfectly rigid and without weight. 

109. Law of Machines. — Eveiy machine must eon- 
form in its use to the principle of Conservation of Energy 

D,.;,l,ZDdbyC00^[t: 



MECUANICS OF SOLIDS. 71 

(71), that 18, the work done hy the power is equal to the work 
done in overcoming the resistance. Let the power be repre- 
sented hy P, the weight hy TT, the distance through which 
the power acts by D, and that through which the resist- 
ance is moved by D'; then P X D^W X D'; that is, the 
power multiplied hy the distance through which it acts is 
equal to the load multiplied hg the distance through which 
it is moved. 

110. The Efficiency of a Machine. — In all machines 
there are, in practice, two classes of resistances, — the Use- 
ful, that which the machine was specially designed to over- 
come, and the Wasteful, such as friction,^ rigidity of cords, 
etc. Hence, in every machine two kinds of work are done, 
the Useful and the Wasteful, corresponding in character 
to these two kinds of resistances. The Effi.ciency of a 
machine is the ratio of the useful work done by the 
machine to the total work done on the machine. If we 
represent the Uffidencg by M and the Useful Work by 

w 
Wu, then M^ p ' -i 'J ) ' ^^^"^ ''^'^ ratio is unity we have 

& perfect machine, consuming no energy, and hence, if set 
in motion, would continue forever, a condition of things 
clearly impossible of realization. 

111. The Lever is an inflexible bar movable about a 
fixed axis called the Fulcrum. The parts of the lever 
into which the fulcrum divides it are called the Arms. 

mare over tbe other. lU eaufe li tound In the fact ChHl the Bucficei are not tmootb; 
erea vhen bighly poltihed there are itlll mieata irregulsiitlei. Hence, when brought in 



ona or In UfUng the body out of the 
force , bat lafralher an abiorplion of 
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When the arms are in the same straight line the lever la 
Straight^ otherwise it is Bent. If the fulcrum be between 
the points of application of the power and the weight, 
the lever is of the 
First Kind (Fig. 
36) ; if the weight be 
between the power 
and the fulcrum, 
the lever is of the 
Second Kind; it 
the power be be- 
tween the weight 
and the fulcrum, 
the lever is of the 
Third Kind. 



''' ' 112. Illustrations. 

— The Beam Bal- 
ance (Fig. 37) and the Common Steel-yard (Fig. 38) 
are levers of the first kind, differing from each other in 
that the former usually 
has equal arms. Scissors 
and most pincers are 
double levers of the first 
kind, the arm of the 
weight or resistance 
varying with the position 
of article being cut or 

held. The crow-bar 

when used for lifting a Rg. 37. 

weight by resting one 

end on the ground is a lever of the second kind. Two 

persons carrying a weight slung from a pole are em- 
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ploying a lever of the second kind. Table nutcrackers are 
double levers of this kind. In a swinging door we have a 
lever of either the geeond or the third kind according as the 
force which moves it is 
applied near the knob or 
near the hinges. (Where 
is the point of applica- 
tion of the weight ?) 
When a weight is lifted 
in the hand, the fore- 
arm acts as a lever of 
the third kind, for the 
fulcrum is at the elbow 
and the power is ap- 
plied through the ten- 
sion of the tendons at 
a point between the weight and the fulcrum. 



113. Mechanical Advantagre of the Lever. — Let AB 
(Fig. 39) be a lever whose arms are FA and FB. For 

Bimplicity, suppose the bar to be without weight, or else 
loaded at one 
end so thaton re- 
moving F and W ^ 
it will balance 
about F. Tilt 
thelever,giving 
it the position 
of aFb, then P 
moves vertically 
through aC and 
TT through bB. Therefore, by Art. 109, F X aC = W X 

D,.;,l,ZDdbyC00^[t: 




, 74 ELEMENTS OF PHYSICS. 

i2.,or^=g. B„. by Geometry, 5|=f« = ^. 

Therefore -= ^ =g. Hence the following law : 

The mechanical advantage of a lever eqttals the inverse 
ratio of its arms. 

114. The Wheel and Axle (Fig. 40) consists of a 
wheel and cylinder fitted to- 
gether so as to turn on the same 
axis. The power is applied to 
the cirenmferenee of the wheel, 

B, and the weight to that of the > 

cylinder, A, by means of a rope 
winding round it in a direction 
opposite to the motion of the 
wheel. 



115. Illustrations. — A common form of the wheel and 
axle is the Wind- 
lass (Fig. 41), a 
machine used for 
raising weights, 
as earth from a 
well, brick to the 
top of a wall, etc, 
The power ia ap- 
plied to the end 
of a lever, OF, 
called the Crank 
or Winch, which 
may be considered as the radius of the wheel. 
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The Capstan (Fig. 42) illustrates the axlo in a vertical 
position, the power being applied hy means of levers in- 
serted in holes in the upper end. The machine is used 
in moving buildings, and on ship- 
board for raising the anchor or draw- 
ing the ship to the dock. 




116. Mechanical Advantage of 
■Wheel and Axle. — An examina- 
tion of the machine shows that 
during each revolution of the wheel ^«- •'■ 
the power acts through 0, the cir- 
cumference of the wheel and the weight through e, tlie cir- 
cumference of the axle. Therefore, by Art. 109, Px 0^ 

WX c, or p^ ~. By Geometry, —^ —, R and r repre- 
senting radii of the wheel and axle respectively. There- 

W R 
fore, p= — . Hence, the law : 

The mechanical advantage of the wheel and axle equals 
the ratio of the rUdii of the wheel and the axle. 

117. Modiflcatious of the Wheel and Axle. — It fre- 
quently happens that the wheel and the axle are on separate 
axes, the motion of one being communicated to the other 
by means of friction, belts, or teeth on the circumferences 
of the wheels. In such cases the law is obtained by using, 
instead of the ratio of the radii, the ratio of the circum- 
ferences, or that of the number of teeth on these cir- 
cumferences. 

118. The Pulley is a wheel free to turn about an axis ; 
the power and the weight are attached to a cord which 
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works in a groove cut in the circumference of the wheel. 

■ The frame supporting the pulley is called 

the Block, and the pulley is either Fixed 
or Movable, according as the block is 
stationar)', or moves during the action of 
the power. 

119. Systems of Pulleys. — Combi- 
nations of pulleys may be made in endless 
variety, the principal ones being : 1st, when 
the same cord passes round all the pulleys ; 
and 2d, when a separate cord is used for 
each pulley. In practice two or more pul- 
leys are frequently mounted in the same 
block and turn on the same axis. An ex- 
ample of this is found in the common 
"Block and Tackle" (Fig. 43), used in 
p. moving buildings and in raising weights. 



120. Mechanical Advantages of the Pulley. — The 
mechanical prin-^ 
ciple involved in 
all calculations 
with the pulley is 
the constancy of 
the tension in all 
parts of the cord. 
The only purpose 
served by the pul- 
ley itself is to 
diminish the fric- 
tion. When the ^"~^ 
cord passes in succession around each pulley, as iji Fig. 
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44, it is evident that the weight is sustained by the 
several parts of the cord, the tension on each part 
being P, the force applied. Hence, if there are n parts 

to the cord, the total tension going to support W is 
, W 



PXn; that is, Tr= Pxn and - 



Therefore : 



The mechanical advantage of the pulley when a single cord 
it used equals the number of parts of the cord which support 
the weight. 

121. The Inclined Plane is a frictionless surface which 
is incUoed to a horizontal surface. 

When a body is placed on such a surface, the action of 
gravity is not only to produce pressure on the plane, but 
also to cause motion 
down the plane (57). 
To maintain the posi- 
tion of the body on 
the plane, force may 
be applied in one of 
three ways : 1st, Par- 
allel to the face of the 
plane ; 2d, Parallel to 

the base of the plane ; 3d, Making an angle with the face 
of the plane other than the angle of the plane. 

122. Mechanical Advantage of the Inclined Plane. — 
Case I. When the force is applied parallel to the surface 
of the plane, the value of the force acting down the plane 
can be found by resolving IF into two components (Fig. 45), 
WE and WF, the former perpendicular to the plane and 
representing the pressure on the plane, the latter parallel to 
the plane and representing the magnitude of the force act- 
ing down the plane. WF rauai be balanced by an equal 
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force, WF", in order to maintain the body on the plane, and 
consequently W-F=-P. An inspection of the figure shows 
that the triangles DFW and ACB are similar. Hence, 

Since 'WD=W, WF = P, 



AB = I, and BC = h, then -. 



W 



7, that is : 



The m^ehanieal advantage of the inclined plane when the 
force 18 applied parallel to the plane equals the ratio of the 
length of the plane to the height. 
Case II. When the force is applied parallel to the base 
of the plane, the value 
of the force necessary 
to retain the body on 
the plane can he found 
by resolving W into 
two components, WE 
and WF (Fig. 46), the 
former perpendicular 
to the plane and the 
latter parallel to the base. WE is neutralized by the reac- 
tion of the plane, and WF by P acting in the opposite 
direction to it. Hence WF^P. By Geometry, the tri- 
WB AC 
'WI'~BC'''^ 



Ft W W 

^ — ^s 



T, that is : 



angles DFW and ACB are similar, and 

P~K 

The mechanical advantage of the inclined plane when the 
force is applied parallel to the base of the plane equals the 
ratio of the base of the plane to the height. 

Case III. When the force acts at an angle to the sur- 
face of the plane, the mechanical advantage cannot be ob- 
tained without the aid of Trigonometry. An approximate 
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solution can be obtained by a graphic process. For example, 
a plane is inclined to 
the horizon at an angle 
of 30"; find the force 
necessaTy to sustain a 
weight of 100 lbs. on 
this plane, when ap- 
plied at an angle of 60° 
to the horizon. Draw 
AB (Fig. 47), making 
an angle of 30° with 
AC; TfZ*, representing 
100 lbs., one inch lung ; and WF making an angle of 60° 
with AO. Resolve WI> into the components WF and WE, 
the latter being perpendicular to AB. The value of WF 
will be the force required. By the aid of dividers and scale 
it is found to be .58 in. long. Hence F^ 58 lbs. nearly. 

123. The Wedge (Fig. 48) is merely an inclined plane, 
with the power applied parallel to the base, causing the 
plane to move. The power is generally applied by per- 




cussion, and although the principle of the machine is that 
of the second ease of the inclined plane, yet no accurate 
determination of the mechanical advantage is possible, 
owing chiefly to the fact that it is used merely to force 
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surfaces apart, and these act as levers materially aiding 
the power applied. Cutting instruments, naila, pins, etc., 
are examples of wedges. 

124. The Screw ia a cylinder on the outer surface of 
which there is a uniform spiral projection called the 

Thread. The faces 
of this thread are of 
the nature of in- 
clined planes, as will 
be seen by wrapping 
a triangular piece of 
paper around a cylin- 
der (Fig. 49). The 
hypothenuse of the 
triangle will trace 
out a spiral on the 
cylinder resembling 
the threads of a 
screw. The screw, 
Fig. 49. when in use, works 

in a bloclc called the 
Nut, on the inner surface of which is cut a groove 
which is the exact counterpart of the thread (Fig. 50). 
The power is applied at the end of a lever fitted either to 
the nut or to the cylinder (Fig. 51). When the lever 
makes a complete revolution the screw or nut moves 
through a distance equal to that between two contiguous 
threads, called the Pitch. 

125. Mechanical Advantage of the Screw. — As 

already stated, the screw is merely an inclined plane, 

and it is not a difficult matter to find the value of - 
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by applying the principle of the inclined plane. Since, 

however, the screw is usually combined with the lever, it 

W 
will be quite as simple to find the ratio — by applying the 

principle of work as expressed in the general law of ma- 
chines (109), If the pitch be 
represented by d, and the lever 
arm by /, then when P makes a 
complete revolution, the work 
done will be i* X 271^. Since the 
screw moves through the distance 
between two contiguous threads. 



Hg. so. Fig. 51. 

or d, while the arm is making one revolution, then the work 
done by the screw is TT X d. Hence Wxd=^Px 27lZ, and 

W SnZ 
" d ' 

The ■mechanical advantage of the screw equals the ratio of 
the distance traversed hy the power in one revolution to the 
pitch of the screw. 

196. Applications. — The screw is used for overcoming 
great resistances, as in raising buildings, compressing hay 
or cotton, pulling stumps, propelling ships, etc. In the 
majority of cases it depends on friction for its efficiency, 
and hence it is not feasible to verify experimentally the 
law governing ita action. 

The screw is also employed to measure small distances 
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where great accuracy is required. An example of this is 
seen in the Wire Micrometer (Fig, 52), where a fine screw 
has its large circular head divided into a number of equal 
parts, so that it can be 
turned through any re- 
I quired part of a complete 
revolution.' If, for ex- 
ample, the pitch of the 
screw is ^ of an inch, and 
the head is divided into 20 
equal parts, then at each 
revolution of the screw the end advances or recedes g^ of 
an inch, and if the head be turned through one of the divis- 
ions upon it, the end of the screw moves but ^ of ^ or 
T^ of an inch. 

EXERCISES. 

1. A man weighing 75 kilogrammes is lowered into a well by 
means of a windlass, the arm and axle of which are 80 cm. und 20 
cm. respectively. Find the force which mnst be applied to support 
bim at any point during the descent. 

2. Snppose that we have seven weightless pulleys, three movable 
and four fixed, connected by a single cord, and that a weight of 200 
Iba. ia raised; find the force applied. 

3. A screw, the pitch of which is I in., is turned by means of a 
lever 4 ft. long ; find the foree which will raise 250 lbs. 

4. The thread of a screw makea 12 turns in a foot of its length; 
the power is applied at the end of an arm 2 ft. long ; it is found tliat 
when the power ia 301b3.,it can just raise 1,200 lbs. ; what portion of 
the power is used in overcoming friction, and how many foot-pounds 
of work are done by the power when the weight is raised 2 feet f 

5. On a lever of thi; second kind a weight of 20 kilos, is suspended 
at a distance of 20 cm. from the fulcrum ; the power is 5 kilos. ; find 
the length of the lever. 

6. A weight of 1,000 lbs. rests on an inclined plane whose eleva- 
tion is 1 ft. in 10 ; find the power, applied parallel to the slope, neces- 
sary to keep it from moving down the p]ane. 
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CHAPTER III. 

MECHANICS OF FLUIDS. 

I. NATURE OF FLUIDS. 

127. Fluidity. — Fluids do not possess invariability of 
forni, as is seen in the readiness with which they assume 
the shape of the contaiuing vessel. This is due to the ease 
with which the relative position of their molecules can be 
changed. A Perfect Fluid is one which offers no resists 
ance to change of shape. Such a fluid is ideal, since every 
actual one, so far as known, offei-a resistance to the passage 
of a body through it ; that is, exhibits Viscosity. The 
degree of viscosity varies with tlie substance, being, for 
example, very large in tar, as compared with that of hy- 
drogen gas. Some solids may not improperly be classed as 
fluids of large viscosity, since they slowly change their 
shape under the influence of pressure. Sealing-wax, pitch, 
and cobbler's-wax are familiar examples. 

128. Liquids and Q-ases Compared. — Experiments 
show that liquids are slightly compressible, the compressi- 
bility varying with the nature and the temperature of the 
substance. Water, under a pressure of 14.7 pounds to the 
square inch, is reduced the 0.00005th part of the original 
volume, and meicury the 0.000005th part. On removing 
the pressure, in every case the liquid's original volume is 
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exactly restored, showing the possession of perfect elas- 
ticity. Gases, on the other liand, are liighly compressible 
and perfectly elastic. Under suitable conditions of tem- 
perature and pressure, any gas can be reduced to a liquid. 
MM. Pietet and Cailletet liquefied oxygen gas by sub- 
jecting it to a pressure of 300 atmospheres (144), at a 
temperature of — 29° G. 

Exi). — Fill a small I'ubbcr foot-ball half full of air, and place it 
under a bell-jar on the air-pump table. As the air is exhanated from 
tlie bell-jar, the sides of the ball will be seeo to move outward, and 
the ball will have the appearance of being tally inflated. What prop- 
erty of air is illustrated by this esperiment? 

Bip — Push the piston into the cylinder of a pop-gun. If the 
piaton be well fitted, on removing the hand it will return neaily to 
its original position. What properties of air are illusti'ated ? 

Is the fact that the piston does not return exactly to its original 
position inconsistent with the statement that gases possess pei'fect 
elasticity? Explain. 



U. TSAVSHISSIOH OF PRESSURS. 

129. Pascal's Lav. — Fig. 53 illustrates the position 

that a number of balls would assume on being placed in a 

vessel. If we endow these in 

imagination with freedom of 

motion and perfect elasticity, it 
is evident that on applying a 
pressure of, say, 10 grammes to 
the ball A, it will push the balls 
B and C apart, causing them to 
force apart F and K and D and 
S, just as if the pressure had been applied directly to each 
of these balls. These balls in turn act on those adjacent to 
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them, till the whole mass of balls is aifected, each one as if 
the pressure had been applied directly to it. Therefore, the 
force, 10 grammes, applied to the ball A, becomes multi- 
plied in its effect by as many balls 
as compose the mass, and accord- 
ingly the pressure exerted on the 
sides of the containing vessel is a 
number of grainmes equal to ten 
times the number of balls touch- 
ing them. 

A body of fluid may be consid- 
ered as made up of a number of 
molecules possessing perfect elas- 
ticity and freedom of motion, and 
hence if pressure be applied to 
any one or to a number of them, 
it will he transmitted in a manner 
similar to that described above. 
From such considerations as these, 
Pascal, a celebrated' physicist of ' " 

the seventeenth century, deduced the following important 
principle : 

Pressure exerted on any given area of a fiuid enclosed in 
a vessel i» transmitted undiminished to every equal area of 
the interior of that vessel. 



130. Illustrations. ~ Bip — Fit accurately to the mouth of 
a thin-walled pint bottle a close-grained eork (Fig. 54). Fill the 
bottle full of water, and then force in the cork by pressure. The 
probable result will be a broken bottle. Explain. 

Eip — Glass-blowers make a form of syringe which is attached 
to a boltow sphere provided with several small openings (Fig. 55). 
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Fill the apparatus with water, and gently push the piston into the 
cylinder. The wat«r will escape in a aeries of Jets, and apparently 

the streams have equal velocities, not- 
withstanding the fact that only one of 
these jets is in. line witli the piston. 

BJip, — An apparatus, shown in sec- 
tion in Fig. 5G, can be easily made out 
of brass tubing and glass tubing. Fill 
it with water, and then insert the piston, 
holding the ujlinder vertically. The 
water is foi-ced up these several tubes to 
the same height, showing an equality of 
in the different dii-ections. 




131. Hydraulic Press. — Prob- 
ably the most convincing proof 
of the truth of 
'^' ** Pascal's law is 

furnished by the Hydraulic Press. 
This instrument, shown in section in 
Fig. 57, consists of two cylinders, 
connected by the tube CCO. The 
small cylinder, aa, is provided with 
two valves at the bottom (not shown 
in the figure) similar to those in a 
force-pump (162), and with a small 
plunger worked by the lever L. 
Water is thus drawn from a surround- 
ing reservoir and forced through the 
tube COC into the large cylinder V, 
in which a large plunger, AA, works. 
The large plunger is thus forced up- 
ward and carries with it the plate 
BB and the goods placed on it Fig. », 
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The force applied to the handle L is multiplied by means 
of the lever, producing a much greater force at /, press- 
ing down the small plunger. This force is again multi- 
plied by the ratio of the areas of the two plungers, a fact 
easily proved by a dynamometer. If, for instance, the 



large plunger has 100 times the cross-see tional area of 
the small one, the multiplying power is 100, 

ni. PRESSURE DUE TO GRAVITY. 
132. Pr©B8ure in Different Directions Compared. ^ — 

Since the earth attracts each particle of a fluid toward its 
centre, each one must exert pressure on those beneath, and 
these will transmit it to all of the others, causing thereby 
lateral and upward pressures at each point. An examina- 
tion of any fluid enclosed in a vessel will not reveal the 
existence of any currents, the only motion detectable 
being that of a species of molecular wandering, known as 
diffusion (37). This absence of currents would imply 
that these internal pressures at any point must be in 
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equilibrium ; that is, the preg»urf exerted in a fluid hy 
gravity at any point is equal in all 

directions. 



X33. Proved for Liquids,— Bip. 

— Bend a. stout glass lube into the form 
shown in Fig. 58 (a) ; and also lliree 
shorter pieces into Ihe forms shown in 
(6), (c), and (d). In the U-sli aped part 
of (o), pour enough mercury to rise 
about 1 cm. in each arm. Attach the 
tube (b) to tlie lower end of (a) witli a 
short piece of rubber tubing, and hold 
the apparatus vertically in a vessel of 
water, observing the distance of the 
raouth of (li) below the surface of the 
water; and also the position of the mer- 
cury in (n). Now substitute successively 
the tubes (c) and (d) for (6), and sub- 
merge t^e apparatus to the same depth 
as before. The mercury in (u) will be 







u 



found to register the 
same change of level 
in every case, proving 
that the pressure in a 
liquid at a point is 
equal in every direc- 



134. Proved for 
Gases . — E^p- — Tie 
apiece of sheet-rubber 
over one end of a I 
bladder -glass (Fig. ' 
69). place it on the 
table of the air*pump, 
and exhaust the air. . 
The rubber will be 
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pressed into the glass as if a weight were placed on it. If we turn 
the pump on its side, or even upside down, the result is the same. 
Hence, we see that the air exerts pressure in every direction, down' 
ward, upward, and lateraUy. 



— Manufacturers of physical apparatus construct accurately 
fitting hollow metallic 
hemispheres, known as 
Magdeburg Hemispheres 
(Fig. 60), which can be 
connected to an air-pnmp, 
and the lur exhausted. 
When this is done they 
will be held fiimly to- 
gether by the pressure of 
the atmosphere In pull- 
ing them apart it matters 
not in what position we 
pi icc them the force 
neiessarj to effect the 
separation is the same for 
the same degiee of ex- 
haustion, showing that 
Ihe pre^mre exerted by 
the aitnosphi re at any 
point IS equal m all 




That the hemispheres are held together by the pressure 
o£ the atmosphere is shown by their falling apart when 
they are placed under a bell-jar on the air-pump table and 
the air around them is exhausted. 



rV. PRESSURE ON THE BOTTOM OF A VESSEL. 

135. Affected by Depth.— E«p.-Gi-ind one end of a glas 
obe, 15 cm. long and 2.5 cm. in diameter, till a disk of brass or tii 
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closes it waler-tight (Fig. 61). Suspend tliedisk by a cord from one 
end of a scale-beam and counterpoise it. When the scale-beura is 
horizontal the disk should be in contact with the ground end of the 
vertically supported tube. Now place, say, 200 grammes on the 
ecale-pan and pour water into the cylinder until its pressure detaches 



the disk, marking the depth. Repeating the experiment with double 
the weight on the pan, we lind that the ilcpth of water n 
release the disk is twice as great, showing that 



The downward pressure of a liquid is proportional to the 
depth of the liquid. 

136. Affected by Kind of Liquid. —Bip.— Using the ap- 
paratus of the last experiment, we find that a certain depth of water 
is necessary to detach the disk. If, however, we use kerosene oil, a 
liquid specifically lighter than water, we discover that a greater depth 
ia necessary, showing that 
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The downward pressure of a liquid depends < 
of the liquid. 



I the density 



137. Affected by Area of Base.— Exp— As in Art. 135, 
prepare two glass cylinders, one having twice the ci-oss-sectional area 
of the other. Proceeding as in that experiment, we find that the disk 
is detached from the larger cylinder when the depth of liquid is but 
half that required for the smaller one. Hence ; 



The downward pressure of a 
rea of the base. 



■aid is proportional to the 



138. Unaffected by 
Bhape of Veseel. — Exp.— 
Proceed as in Art. 135, using 
successively three vessels differ- 
ing in shape but having equal 
bases (Fig. 62). It will be found 
that with a given weight in the 
scale-pan, the disk will be de- 
tached when the depth of water 
is the same in each case. Hence : 



The downward pressure of 
a liquid is iTidependent of the shape of the vessel. 




139. Rules for Pressure. — Since the downward press- 
ure depends on the depth and nature of the fluid, and the 
area of the surface pressed upon, we derive the follow- 
ing rule: 

The downward pressure of a fluid on a horizontal surface 
is equal to the weight of the column of fluid whose base is 
the area pressed upon, and whose altitude is the distance of 
the given surface below the surface of the liquid. 
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In applying this rule to water, the pressure in pounds 
can be obtained by observing that one cubic foot of water 
weighs 62.5 lbs. 

Since the pressure at any point in a fluid is equal in all 
directions, it follows : 

First. The lateral pressure of a Jtuid on any vertical 
surface is equal to the weight of the column of fluid whose - 
base is the area pressed upon, and whose altitude is the 
distance of the centre of area of this surface below the surface 
of the fluid. 

Second. The upward pressure of a fluid on any horizontal 
surface is the same as the downward pressure on an equal sur- 
face similarly placed with respect to the surface of the fluid. 



V. EQUILIBRIUM IN FLUIDS. 

140. Conditions of Bqnilibrimn. — Any fluid i 
at rest when the resultant of all the forces acting on it is 
zero. If for any cause a greater downward pressure is ex- 
eited at any point of the fluid than at othei-s, it will not be 
balanced by the pressures transmitted from these parts, and 
hence motion of matter toward these parts is the conse- 
quence. This is seen in the case of currents in both air 
and water. The air or the water, as the case may be, for 
some cause or other may exert less pressure at one point 
than it does at points adjacent, and hence there is a move- 
ment of the fluid toward the point of less pressure. 

141. Surface of a Liquid at Best. — If a quantity of 
liquid is confined in a vessel, its surface to be at rest must 
be horizontal. For if it lias any other form, as ABD 
(Fig. 63), any particle out of level, as B^ will at once begin 
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to move in obedience to the force BC, one of the compo- 
nents of the weight B W, of the 
particle. The other compo- 
nent, BE, being perpendicular 
to the sui'face of the liquid, 
is neutralized by the resist- 
ance of the liquid. When 
the surface is level BC van- 
ishes and the motion ceases. 
It is evident that when 
gravity is the only force acting on the liquid the surface 
is perpendicular to the plumb line. In the case of a sur- 
face of large area, since all plumb-lines nearly meet at the 
centre of the earth, the surface is nearly spherical and 
would be exactly so were it not distorted by the centrifu- 
Efal action due to the earth's rotation on its axis. 



- Fig. 64 illustrates a 
s and capacities con- 



142. Communicating Vessels. - 

number of vessels of various shape 
iiected together through 
the hoiizontal tube, mn. 
On pouring water into one 
of them,it will rise evenly in 
the othera, maintaining the 
same height in each. For 
if not, the column of great- 
est height would exert a 
downward pressure which 
would cause an equal up- 
ward pressure in eacli of 
the other tubes, and unless 
neutralized by an equal 
downward pressure in these tubes would cause the water 
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to move up these tubes till equilibrium is secured, that is, 
till the depth is the same as in the first one. 

Ill systems of city water-works, we have an illustration 
of connected vessels on a large scale. Springs, fountains, 
water and spirit levels also illustrate the same principle. 



TI. THE BAROMETER. 



143. Torricelli's Experiment, 
about 80 cm. long, and closed 




^It Boutledge's " History of Science." 



— Select a, stout glass tube, 
end. Fill it witli mereury, 
close the open end with the 
finger, and invert it in acap 
of mercury (Fig. 65). On 
removing the finger, the 
mercury settles away from 
the top end a few centime- 
tres, leaving a vacuum. If 
we measure the height of 
this mercury column from 
time to tinie, we find that 
it vaiies. If we carry the 
apparatus up a high hill, 
we find tliatit settles away 
still farther. If we place it 
under a tall bell-jar on the 
air-pump table, the colunm 
also falls on removing the 
air. Hence, it is evident 
that atmospheric pressure 
sustains the mercury in the 

This experiment was first 
performed l)y Torricelli. 
For a full account of his 
work the student may con- 



144. Pressure Measured. 



-In the case of communicat- 
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ing vessels it was seen that the area of the cross-section 
did not affect the height at which the liquid stood, as in 
the ease of Torricelli's experiment the size of the tube 
does not influence the height, provided it is 
not so small as to be affected by capillarity. 
Hence, if a tube of one square centimetre 
cross-section be employed, the height will 
be just the same as if a smaller, or a 
larger tube be used. Experiments made 
at the level of the sea show an average 
height of 76 cm, for the mercurial column. 
Then, with a tube of one square centi- 
metre cross-section, the volume of mercury 
supported in it will be 76 cem. Since 1 
com. of mercury weighs 13.596 grammes, 
the weight of the mercury will be 76 
times 13.596 grammes, or 1033.3 grammes ; 
that is, the atmosphere exerts an average 
pressure on each square centimetre of sur- 
face at the level of the sea'of 1033,3 grammes, 
or 14,7 pounds per square inch. Such a 
pressure is called an Atmosphere. 

146. The Mercurial Barometer, in its 

simplest form, consists of a Torricellian tube 
about 86 cm. (nearly 34 in.) long, firmly at- 
tached to an upright support (Fig. 66). A 
scale, whose zero is at the surface of the mer- 
cury in the cistern, is fastened by the side of p, ^ 
the tube, to give the height of the mercury 
column. All readings must be taken with the tube in a 
vertical position. Why? With the fluctuations in the 
height of the mercury in the tube, it is evident that the 
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surface of the mercury m the cistern changes its level, 
and consequently affects the zero of the scale. To obviate 
this error, the top of the cistern is made large, or the 
bottom is adjustable. 

Since mercury is a very heavy liquid, the changes in the 
barometric readings are, seldom very great, and small 
changes in atmospheric pressure may escape notice. Glyc- 
erine is about one-tenth as heavy as mercury. If it were 
used as a substitute, a tube nearly ten times as long as that 
used in mercurial barometers would be required. Such an 
instrument would be very sensitive, since a change of one 
millimetre in the reading of the mercurial barometer would 
be about one centimetre on the scale of the glycerine 
barometer. 

146. Barometric Vftriations. — Since the mercury in 
the tube of the barometer is sustained by the pressure of 
the column of air resting on it, any change in this pressure 
will produce a change in the barometric reading. Experi- 
ments show that changes of this kind are going on con- 
tinually at every place. Certain very slight changes are 
found to be periodical, but the greater changes follow no 
known laws. These irregular movements point to corre- 
sponding fluctuations in the pressure of the air, and, con- 
sequently, herald important atmospheric movements. 

147. Uses of the Barometer. — The barometer is a 
faithful indicator of all changes in atmospheric pressure. 
Experience has shown that these changes are generally 
indicative of conditions which determine changes in the 
weather according to the following rules : 

I. Tke rising of the mercury indicates the approach of 
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fair weather; the falling of the mercury shows the approach 
of foul weather. 

II. A sudden fall of the mercury denotes the approach 
of a storm. 

III. A rise of the mercury frequently precedes the clear- 
ing wp of a storm. 

Since the pressure of the atmosphere diminishes as we 
ascend from the surface of the earth, the height of the 
barometric column is evidently connected with the alti- 
tude of the place. Various rules have been proposed for 
determining the altitude of a place, based on a knowledge 
of the barometric reading at that place, but they are more 
or less inexact. See Cooke's " Chemical Physics," Art. 167, 



1. The diameter of the cylinder and the tube of a hydraulic press 
are, respectively, 4 inelies and 1 inch, the lever 5 feet long, and 
the piaton-rod 10 inches from tlie fulcnim ; what resistance can be 
overcome by a power of 100 pounds ? 

2. What is the upward pressure on an inch board 12 feet long 
and 12 inches wide, sunk 6 feet under water ? 

3. What pressure resists the separation of a pair of Magdeburg 
hemispheres 4j inches in diameter when the barometric reading is 
29 inches ? 

4. If we let bubbles of air pass up through a glass of water, 
why will they become larger as they ascend ? 

5. In digging canals, ought the ouiTature of the eartJi to be 
taken intfi consideration P 

6. On applying the pressure-gauge to a water-pipe in a building 
it registers 76 lbs. How high is the supplying reservoir above that 

7. What would be the height of a water barometer when a mer- 
curial one reads 28.5 inches ? 

8. Calculate in dynes per square centimetre the atmospheric 
pressure when the barometer stands at 78 centimetres. 
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9. Find tlie pressure in. grammes per square centimetre at the 
bottom of a vessel 1.75 metres deep, full of mercury. 

10. A canal lock is 12 feet wide. 8 feet deep, and 50 feet long. 
Find tlie total pressure on the gate and on the bottom of the lock. 



VII. THE AIR-PUMP AND CONDENSER. 

148. The Air-pump, as its name denotes, is a device 

for removiug air or any gas from a vessel, and depends for 

its action on the elastic force of the gas. Fig. 67 repre- 



sents the essential parts of one of the best forms made at 
the present time. A piston P, with a valve S in it, works 
in a cylindrical barrel, communicating with the outer air 
by a valve at its upper end, not shown in the figure, and 
with ihe receiver Ehy the horizontal tube. The valve ;S" 
is carried by a rod which passes through the piston, fitting 
tightly enough to be lifted by the piston when the up- 
stroke begins ; but its ascent is almost immediately arrested 
by a stop near the upper end of the rod, and the piston 
slides on this rod during the remainder of the up-stroke. 
This allows the air from U to flow into the space below the 
piston. In the down-stroke, the piston first carries down 
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the valve rod with it and closes the valve S'. During the 
latter part of this movement the valve S is opened by the 
elastic force of the air confined in the lower part of 
the cylinder, and the air escapes into the top part to be 
forced out by the next upward movement of the piston. 
Each complete double stroke of the piston removes a cylin- 
der full of air, but as it grows rarer with each double stroke, 
the mass removed each time grows less. On account of 
the tendency of gas to fill the containing vessel, irrespective 
of quantity, the removal of all the air from the reservoir is 
not possible, although we could continually approach a 
vacuum were it not for the unavoidable mechanical defects 
of the pump, such as leakage of valves, and the like. 

149, Experiments with Air-pump. — A number of ex- 
periments requiring the use of the 
air-pump have already been given. 
To these are added the following : 

1. Tke Bladder-glass Experiment. — 
Over the end of a cylindrical receiver 
cement a disk of writing paper (Fig. 
68). When dry. pla«e it on the table of 
the air-pump and exhaust the air. The 
paper will break with a loud report. Ex- 
plain. 

2. The Bacehus Experiment. — Select 

boltles, fit to one of 

them a perforated 

stopper. Connect 
the two bottles by a bent tube reaching 
nearly to the bottom of each (Fig. 69). 
Fill the stoppered one nearly full of water 
and pla<:e them on the table of the lur-pump 
beneath the receiver. Exhaust the air. Explain 
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runs out of the stoppered bottle and runs back on admitting Mr into 

the receiver. 
3. TTie Vacuum Fountain. — Fit a good perforated stopper to a 

large bottle (Fig. 70), and through the stopper insert a jet-tube. 
Connect the bottle to air-pump 
with a rubber tube and exhaust 
the air. Disconneet from the 
pump and insert the tube in a 
vessel of water. Why does the 
water rush into the bottle ? How 
long a bottle would be necessary 
to prevent the jet from striking 
the bottom of the hottle ? 



Fig. 70. Fig. 71. 

4. The Lungs Experiment. — Tie a glass tube about 20 era. long 
into the mouth of a large rubber toy balloon. Place the balloon 
within an open-topped receiver with the tube passing through a cork 
accurately closing the top of the receiver (Fig. 71). Hold the re- 
ceiver in a deep vessel of water and aecount for the enlargement of 
the balloon on lifting the receiver, and its contraction on pushing the 
i-eceiver downward. 

This experiment illustrates the mode of action of the lungs in 
ta^athing, the surface of the water in the receiver being the dia- 
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phragm. A more marked action can be got by placing the receiver 
on the table of the air-pump instead of in the vessel of water. 

5. Liquid CotidiOon of Mailer dependent on Pressure. — Fil! a test- 
tube with water and invert it in a tumbler of water. Introduce into 
the tube a few drops of sulphuric ether. The ether will rise to the 
top of the tube. Place the apparatus under the air-pump receiver 
and exhaust the air. The water will fall in the tube (whyp) and 
the liquid ether will vaporize and fill the tube. On admitting the air 
to the receiver it resumes its original condition. 



150, The OondenBing Pump. — If the air-discharging 
pipe of an air-pump be connected with a suitable vessel, the 
pump during its action will force air into it. Such a device 
would he a Condensing Pump. Since the valves of the 
ordinary air-pump will not 
stand high pressures, a pump 
designed as in Fig. 72 is better 
adapted to forcing gas into ves- 
sels. The plunger is solid, and 
iu the bottom of the cylinder 
are two valves, one opening in- 
ward and the other outward. 
As the piston moves upward 
the gas is admitted through the 
left-hand tube, the valve being 

lifted by the pressure of the gas below it. When the piston 
descends this valve closes and the right-hand one opens, 
affording an exit for the contined gas. 

This machine is evidently an air-pump when the left- 
hand tube is connected to a receiver, but is not capable of 
producing a very low degree of exhaustion, owing to the 
heavy valves necessary to give it strength for compressing 
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151. Applications. — Both the air-pump and the con- 
denser are extensively used in the arts. , Sugar-refinera 
employ the air-pump to reduce the boiling point of the 
aynip ; manufacturers of soda-water employ the condenser 
to charge water with carbonic acid gas ; in pneumatic dis- 
patch tubes, now employed in many large cities for rapidly 
transferring small packages, both instruments are used, the 
former to remove the air from the iron tubes in front of 
the closely fitting carriage, and the latter to force com- 
pressed air into the other end of the tube, thereby propel- 
ling the piston-like carriage with great velocity. The 
condensing pump is also employed to improve the draught 
of furnaces, to facilitate the ventilation of mines, and to 
operate machinery in places difficult of access. 



Vin. LAW OF BOYLE. 

152. Law of Boyl©. — It was shown experimentally in 
1662 by Robert Boyle, an English physicist, that the fol- 
lowing simple relation exists between the amount of com- 
pressibility of a gas and the pressure applied: 

The volume of a gae varies inversely as tke force of com- 
pression, the temperature remaining constant. 

If the volume F"of a gas under a pressure p becomes V 



Vp ^= V'p', that is, the product of a given volume of gas hy 
its pressure is constant. 

153. The Law Verified. — Bip. — ^irsi, bend a stout glass 
tube to tha shape of the letter J, the short arm being about 25 cm. 
long and closed at the end, while the loag one is about 170 cm. 
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long and terminates in a small funnel. Fasten the tube to a wooden 
support, and place a scale of equal parts by the side of each arm with 
the zero just above the bend of the tube (fig. 73). Pour into the tube 
aufiicient mercury to fill it ex- 
actly to the zero of the scale. 
The air enclosed in the short 
arm will be under a pressure 
indicated by the barometer- 
reading at the time of the ex- 
periment. On pouring more 
mercury into the long arm, the 
air column in the short arm 
will coutract, since it is under 
a pressure greater than at the 
beginning by that produced by a 
coluranofniercury whose length 
isequaltothe difference between 
the two mercury columns. If 
a number of volume-readings 
and corresponding pressure- 
readings be obtained, it will 
be found that the product of the 
corresponding ones ia nearly 
constant, showing that when 
the pressure exceeds that of 
the atmosphei-e, the volume of 
a gas varies inversely/ as the 
pressure. 

Secondly, close one end of a 
stout glass tnbe that is about 
80 cm. long. Fill it with 

mercury to within, say, 20 ^* ^'• 

cm, of the end. This 20 cm. 

of air is under a pressure indicated by the barometric reading at 
the time. Close the tube with the finger and invert it in a vessel of 
mercury. The mercury will fall part way in the tube, and the air 
column will occupy conaiJorably more than 20 cm. in length. It is 
evident that the column of mercury exerts pressure in opposition to the 
air that presses on the mercury in the vessel. Hehee, the air in the 
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tube is under a pressuro represented by the difference between 
the barometric reading and the mercury column in tlie tube. It will 
be found that if the initial volume of air be multiplied by the baro- 
tnelric reading, the product will nearly equal that of the final toI- 
ume multiplied by the reduced pressure, showing that for a pressure 
leas than that of the atmosphGi-e, (Ac mlumi: of a gas varies inversely 
as the pressure. 

1S4. Inexactness of the Law. — Experiments made by 

Dulong, Arago, and othe!"s show that the law of Boyle is 
only approximately true, some gases being more com- 
pressible than others, and all of tliem deviating from the 
law as they approach the point of liquefaction. 



rX. THE SIPHON AKD THE WATER-PUMP. 
155. The Siphon, in its simplest form, is a U-sliaped 
tube designed for con- 
veying fluids from one 
vessel over an elevation 
to another vessel at a 
lower level by means of 
atmospheric pressure. 
To set it in action, the 
usual way is to fill the 
tube with the liquid, 
close the ends, place the 
shorter branch in the 
vessel of liquid, and open 
I the ends. The flow will 

continue as long as the 
liquids in the two ves- 
F'g- '•*■ sels are at different 

levels, and the shorter branch dips into the liquid. The 
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siphon may also be started by suction ; in the case of 
corrosive liquids a suction tube (Fig. 75) is attached in a 
manner to prevent contact of the liquid with the mouth. 
The vertical distance of the highest part of the siphon 
above the surface of the liquid in 
the vessel being emptied equals the 
length of the Short Arm of the 
siphon, as ed (Fig. 74) ; the ver- 
tical distance of this highest point 
above the outlet of the siphon, if 
not within the liquid of the receiv- 
ing vessel, equals that of the Long 
Arm, as ah. When the outlet is 
within the liquid, the measure- 
ment must be made to the plane of 
the surface of the liquid and not to the end of the tube. 

156. The Siphon's Action dependent on the Inequal- 
ity of the Arma. —Bip.— With the long arm of a siphon connect 
a piece of rubber tubing, so that the length of that arm can be varied 
by raising or lowering the end of this tube. Set the siphon in opera- 
tion and you will And that the rate of flow will increft.«c as you 
lengthen the outer arm, and decrease as you shorten it, becoming 
nothing when the arms are equal in length, 

Bip. — Construct a siphon of the form shown in Fig. 76, where 
the short aim is provided with a jet-tube opening within a bottle. 
On increasing the length of the long arm the force of the fountain 
jet within the bottle will be found to increase. 

These experiments show that the arms of the siphon 
must be unequal, and that the magnitude of the flow de- 
pends on the excess of the long arm over the short one. 

167. Its Action dependent on Atmospheric Pressure. 

— B^. — Using a siphon of small bore, set it in action on the air- 
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pump table. Cover it with a bell-jar, and aa quickly as possible 
exhaust the air. The liquid will slop flowing, but will resume flow- 
ing on admitling the air, 

Bhcp. — Use the apparatus oi the last experiment with mercury aa 
the liquid. On exhausting the ^r it will be found that when the 




pump-gauge shins that the elastic tension of the air in 
measured on the gauge about e pals the difference of the arms of 
the siphon, the flow st pi Hence we see that the atmospheric 
pressure is necessaiy to the working of the siphon, and that the 
elevation over which a liquid can be siphoned is equal to the 

' Ou scconnt ol tbe collBBian of Uie loercurr tbccolnniDdoM not break till Uie preM- 
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height of a column of that liquid which the atmospheric pressure 
will support. 

158. The Siphon Explained. — The foregoing experi- 
ments justify tlie following explanation of the siphon : 
The atmospheric pressure at d (Fig. 74), by Pascal's Law, 



exerts an equal upward pressure in the tube ; let this press- 
ure be represented by p. This is lessened by the down- 
ward pressure w of the liquid in that arm. Hence there 
is a resultant force acting upward in the tube equal to 
p — w. Similarly there is a force acting upward in the 
long arm equal to p^-w\ in which w' is the downward 
pressure of the liquid in that arm. Now, p — w and p — vf 
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are forces acting in opposite directions, p — w being the 
greater. Hence, their resaltant is (^p — w) — (^ — w') or 
vf — w; that is, there is an unbalanced force acting toward 
b, measured by a column of liquid whose depth is the 
difference between the arms, and causing the liquid to 
move toward 6, a vacuum in the tube being prevented by 
the atmospheric pressure at e. It follows from this dis- 
cussion that the elevation over which a liquid can be 
siphoned can not exceed the height of a column of tliat 
liquid which the atmospheric pressure will support. 

159. The Intermittent Siphon. — Dip — Cut off the bot- 
fara of a litre bottle, and support it in the ring of tbe iron stand. 
Bend a glass tube into the fomi shown in Fig. 77, and fit it to the 
bottle. The outlet E should be below tlie inner face of Ihe cork, 
and the point D should be below tie top of the vessel A. Adjust 
the tube F to supply water at a rate somewhat less than the siphon 
can ciny off. As the vessel A fills with water the air is di'iven out 
of the siphon; and when the point His reached thewater passes over 
into the arm DE, thereby 
— -^'^' starting the siphon. The flow 

will continue till the vessel 
is emptied, and then will stop 
till the vessel is refilled to H, 
when the aetion will be re- 
newed. 

Natural intermittent 
springs and fountains, 
except geysers, are ex- 
plained on the theory 
■that a reservoir slowly 
fed by drainage or by a 
small stream has a siphon- 
shaped outlet (Fig. 78) acting in a manner exactly like 
the above intermittent siphon. 
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160. Applications. — The siphon is used for convey- 
ing water over small hills. (What is the height of the 
highest hill over which it is possible to siphon water?) 
It is also of service when either the top or the bottom of a 
liquid is to be drawn off without disturbing the other part, 

161, The Suction Pump. — In the suction pump, a 
piston c, in which there is a valve opening upward, 
moves practically air-tight in a cylinder, at the lower 
part of which is an aperture fitted 

with a valve v, also opening up- 
ward (Fig. 79). From this aper- 
ture a pipe 8 leads down to the 
water in the well, the end of the 
pipe being below the surface of 
the water. When the piston is 
drawn upward, the valve in it is 
closed by the pressure of the air 
above it, and a vacuum will be 
formed in the cylinder below it. The 
pressure of the air in the pipe s 
will open the valve v, and the space 
between tbe piston and the water 
will be filled with air under a re- 
duced tension. Hence, the pressure 
of the air on the water in the well ^-s- "■ 

will force the water up the tube 

« to a height sufficient to restore equilibrium. When the 
piston descends, the valve v will close, while the valve in 
the piston will open and allow the air in the space below 
the piston to escape. 

Thus it appears that each double stroke of the piston 
removes some air from the cylinder, thereby lessening the 
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tension, and causing the water to rise in the pipe higher 
and higher from the pressure of the air on the water in 
the well. If V ia distant from the water in the well less 
than 34 feet, provided the barometric reading is 30 inches, 
the water will be forced through v into the space above the 
piston, and by it will be lifted till it flows out of the aper- 
ture on the side. 

162. The Force Pmnp. — In this pump (Fig. 80) the 
piston is solid, and the aperture through which the water 
escapes is placed between it and the 
valve V, and is closed by a valve open- 
ing outward from the cylinder. The 
explanation of the working of the pump 
is similar to that given for the suction 
pump. As in the suction pump, the 
valve V at the top of the pipe a must 
be within 34 feet of the water in the 
well. The height to which the water 
can be forced in the pipe d depends 
on the force applied to the piston. 

In powerful pumps, the water usu- 
ally passes into an air-chamber called 
the Air-Dome. Its object is to give 

^ steadiness of flow to the water from the 

''' ***■ delivery-tube. Fire-engines and almost 

all pumps operated by steam are constructed in this way. 



X. THE PRINCIPLE OF ARCHIMEDES. 
163. The Buoyant Force. — Exp. — Suspend a stone from 

the hook of a spring- balance, and mark the position of the inJex. 
Now submerge the stone in a vessel of water j the index-reading is 
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less. If -WB nse salt water the loss is still greater ; but if we tise 
kerosene it is not so great. 

Exp. — la Itie pans ol a short-beam hand-balance, cousterpoise a 
lai^e cork with a piece of lead. Fill a large, wide -mouthed jar with 
carbonic oxide, and support the balance in it. The equilibriam will 
be destroyed, the cork acting as if it were held up by some agent. If 
a jar of hydrogen bo used instead, or if the air be exhausted from 
the jar. the effect is exactly the opposite. 

It appears from these experiments that when a body is 
immersed in a fluid it loses in weight, or rather it is 
partially supported by the iluid, the amount of support 
varying with the nature of the fluid. This upward force 

is called the Buoyant Force. 



If a body be sub- 
to pressure on all 



164. Cause of BuoT&nt Force. - 
merged in a fluid, it will be sub; 
sides. Let a cube of marble be 
immersed in water, as shown in 
Fig. 81. The lateral and opposite 
faces, a and h, will be equally 
pressed in opposite directions. 
The same will be true of the 
other pair of lateral faces. On d 
there will be a downward press- 
ure equal to the weight of the 
column of water resting on it. rg ei 

This column has the face d for a 

base, and dn for height. On c there will be an upward 
pressure equal to the weight of a column of water whose 
base is c, and whose depth is en. The resultant of 
these opposing pressures will be a force equal to their 
difference and acting upward. This difference will be 
the weight of a column of water whose base is c, and 
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whose depth is cd ; that is, the weight of the water dis- 
placed by the cube. 

This truth, discovered by Archimedes, may be enun- 
ciated as follows : 

A body submerged in a fluid is buoyed up hy a force equal 
to the weight of the fluid displaced by it. 

165. Experimental Proof. — Bxp. — Procure a solid metallio 
cyliuder 3.5 cm. long, and 1.9 cm. diameter. Ita volume will be 
very nearly 10 ecm. Suspend it by a fine thread or hair beneath one 
of the pans of a balance, and counterpoise it. Now hold a disli of 
wat«r beneath it. so that the cylinder is submerged. The equilibrium 
will be destroyed, and will be restored by placing a 10-gi-amme 
weight in the pan above the cylinder, (jince the cylinder displaces 
10 ccni. of water, weighing ten grammes, and loses ten gi-ammes 
in weight when submerged, it follows that the body was buoyed up 
by a force equal to the weight of the liquid displaced. 

166. True and Apparent Weight. — We have seen 
that when a body is submerged in a fluid, it is pressed 
upward by a force equal to the weight of the fluid dis- 
placed. Heuce, every body in air is buoyed up by the 
weight of the air displaced by it, making its apparent 
weight differ from its (rwe weight. [What correction must 
be applied to give true weight ?] 

167. Floating Bodies. — When a body is placed in a 
fluid, it may displace a weight of fluid less than its own 
weight, eqtud to its own weight, or greater than its own 
weight. In the first case, the upward pressure of the fluid 
will be leas than the weight of the body and hence the 
body will sink. In the second case, the upward pressure 
will equal the weight of the body, and hence the body will 
he in equilibrium, remaining in the liquid wherever placed. 
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In the third case, the upwai-d pressure will exceed the 
weight of the body, and hence the body will move upward 
till the portion remaining within the fluid displaces enough 
to cause an upward pressure equal to the weight of the 
body. Hence, the Principle of Flotation: 

A body fioaU on a fluid when it displaces a volume of 
the jiuid whose weight equals that of the body. 

168. Principle of Flotation Proved. — Bxp. - Cut a 

wooden bar 20 cm. long and 1.5 em. square. Bore in one end a hole 
such as will contain shot sufficient to give the bar a vertical position 
when floating in wat«r. Graduate a millimetre scale on one edge of 
the bar. Find lie weight oi the bar in grammes and then ascertain 
what part of it is submerged when floating in water. The volume of 
the submerged portion will be that of the water displaced ; and allow- 
ing one cubic centimetre of water to weigh one gramme, we have tlie 
measui-e of the buoyant force. This will be found to be nearly 
equal to the weight of the bar, the difference being readily accounted 
for by the unavoidable errora of observation. Hence, ajloaling body 
displaces its weight of the suslaining fluid. 



XI. DENSITY AND SPECIFIC GRAVITY. 
169, The Density of a substance is the mass of a unit 
. of volume. In practice, it is convenient to consider it as 
the mass in grammes of a cubic centimetre of the sub- 
stance at 0° C. 

The Specific Gravity of a substance is the ratio of its mass 
to that of an equal volume of some standard. In practice, 
it is customary to consider it as the ratio of its mass, if the 
substance be either solid or liquid, to that of an equal 
volume of distilled water at 4° C; but if gaseous, it is 
compared with either air or hydrogen at 0° C. and 76 cm. 
pressure. 
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170. To find the Densityof a Solid insoluble in Water. 

— Find the weight of the body in air, and abo its weight 
as it hangs suspended in ice-water. Let w grammes equal 
the weight in air, and w' its weight in water. Then, by the 
principle of Archimedes, w — w' equals the weight of the 
water displaced. For most purposes one cubic centimetre 
of ice-water may be considered as weighing one gramme- 
Hence w — w' wiU express in cubic centimetres the volume 

of the substance, and ; will equal the weiffht of one 

cubic centimetre, that is, 2> = ■, . 

w — w 

171. To find the Density of a Solid soluble in Water. 

— Find the weight of the body in air, and also its weight 
as it hangs suspended in some liquid of kno^vn density in 
which it is not soluble. Let w equal the weight of the 
fiubstance in air, and w' the weight in a liqiiid whose 
density is s. Then, w — w' equals the weight of a volume 
of the liquid equal to that of the body. Why ? Since 1 
ccm. of the liquid weighs s grammes, the volume of the 
liquid displaced, that is, the volume of the solid, must 

equal . Hence, — - — cubic centimetres of the 

,,, . , J -r. . W V)' W8 

solid weigh w grammes, and Jj^w-i = r . 

= = » w — w 

172. To find the Density of a Solid lighter than 
Water. — Weigh the body in air. Then, to make it sink 
in water, attach to it a heavy body whose weight in water 
is known, and find the weight of tlie two bodies when sub- 
merged in ice-water. Let w equal the weight of the given 
substance in air, a and h that of the sinker in air and in 
water respectively, and w' that of the substance and sinker 
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in water. Then w -{• a equals the weight of both in air, 
w-\-a — w' tliat of the water displaced (why ?) and hence 
the volume in centimetres of the substance and sinker 
combined, and a — h the volume of the sinker. Why? 
Therefore, w -\- a — v/ — (a — 5) ^ w — w' -\-i ^^ the 

volume of the substance, and I> = 




173. To find the Density of a Liquid. — Firgt. Method 
with the Specific Gravity Bottle. The specific gravity bottle 
(Fig. 82) is a bottle constructed to 
hold a given weight of distilled water 
at a specified temperature. Its capacity 
is usually 10, 25, 50, 100, or 1000 
grammes at 4° C; To use it, find the 
weight of the bottle, when empty 
and also when filled with the given 
liquid. Let a be the weight of the 
empty bottle, w that of the bottle when 
filled with the liquid, and 100 grammes 
the amount of water required to fill the bottle. Then, 

Secondly. By weig.hing a Solid in it. Weigh a solid in 
air, then in ice-water, and finally in the liquid. Let w be 
the weight in air, w' in water, and w" in the liquid. Then, 
w — Ml' equals the weight of water displaced (why ?), and 
hence the volume in centimetres of the solid and also that 
of the liquid it displaces; naAw^w" equals the weight 
of the liquid displaced by the solid. Why? Therefore 



Thirdly. By ike Hydrometer. The Hydrometer consists 
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essentially of a straight stem, either wood, glass, or metal 
(Fig. 83), weighted at the lower end 
so as to float in a liquid in a yertical 
position. By observing the depths 
to which it sinks in two different 
liquids, the relative weights of these 
liquids can be determined. The 
stem is gi-aduated either in some 
arbitrary manner or by trial, the zero 
being placed at the point to which it 
sinks in pure water. These instru- 
ments are used chiefly to determine 
. the degree of concentration of such 

liquids, as acids, alcohol, milk, etc., 
and are graduated specially for the liquid under in- 
spection. 

174. To find the Specific Gravity of a Substance. — 

An inspection of the preceding problems will show that in 
each case the weight of a volume of water equal to that of 
the substance is obtained. If the weight in air be divided 
by this quantity, the quotient will be the specific gravity. 
It should be noticed that this weight of water when ex- 
pressed in grammes is numerically equal to the volume 
of the substance in cubic centimetres. Hence, the specific 
gravity of a substance, when water is the standard, is 
numerically equal to the density in the metric system. 
If other units, as inch, foot, ounce, pound, be employed, 
this coincidence does not appear. 

M 

175. Useful Formulee. — By definition J)^^; hence 

M 
M=^ VD and K^-=. Since the weight varies as the 

mass M, then we may write W instead of M. See 
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" Elementary Practical Physics," Vol. I., 'Chap. V., by 
Stewart and Gee, When English units are employed, 
W^ V X 62.4 lbs. X sp. gr. where V is cubic feet, 
W 



and V = 



sp. gr. X 62.4 



1. Why can stODes be moved under water so much more easily 
liian out of water P 

2. A body weighs 62 grammes in air and 42 grammes in water; 
find its density. 

8. A solid weighs 100 grammes in air and 64 grammes in a liquid 
of density 1 .2 grammes ; what is its density P 

4. A specific gravity bottle, when filled with water, weighs 
64.485 grammes, and, when filled with methylated spirit, 53,462 
grammes. If the bottle weighs 16.063 grammes, what is the density 
of the liquid ? 

5. A solid weighs 120 grammes in air, is found to weigh 90 
grammes in water, and 78 grammes ia a strong solution of zinc sul- 
phate; what is the density of the solution? 

6. Find the density of a solid from the following data : 

Weight of solid in air . . . 0.5 g. 
" " sinker in water . . 3.5 g. 
" " solid and sinker in water, 3.375 g. 

7. A bar of aluminium (density 2.6) weighs 54.8 grammes in 
air; what will be the loss of weight when it is weighed in water? 

8. A body which weiglis 24 gi'ammes in air is found to weigh 20 
grammes in water ; what will be its apparent weight in alcohol of 
density 0.8 ? 

9. The density of sea-water is 1.023; calculate the pressure in 
grammes per square centimetre at a depth of 40 metres below the 
surface of the sea, 

10. A tube 120 em. long holds 600 g. of mercury (D = 13.6) ; 
find its cross-section and internal diameter. 

11. Compute the weight of a lead ball (D^ll.3) one inch in 
diameter. 
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12. Compute the diaiueter of an iron ball (D = 78) whose 
weight is 300 grammes. 

13. An ounce ol silver (D^ 10.15) is suspended in wat«r. Find 
the tension at the supporting string. 

14. If the density of 3ea-wat«r is 1.02d, what portion of an ice- 
berg (D = .917) is above water? 
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CHAPTER IV. 



I. NATURE OF HEAT. 
17a. Heat, a Form of Energy. — Previous to about 
1840 it was generally believed that Heat was an invisible 
and extremely subtle fluid without weight, which, by 
entering bodies and possibly combining with them, caused 
all thermal phenomena. The experiments of Davy, Rum- 
ford, Joule, and many others, have demonstrated the in- 
correctness o£ this view, and have led to the adoption of 
the modern Kinetic Theory. This theory, briefly stated, 
is as follows : The molecules of all bodies have a certain 
amount of independent motion, generally very irregular. 
When this molecular agitation is increased, the body is 
warmed, and when decreased it is cooled, rfeat is, there- 
fore, a form of energy, and can be transferred from one 
body of matter to another, or can be transformed into 
other types of energy. 

177. The Temperature of a body is that condition of 
it which determines its power of communicating heat to 
any body with which it is put in contact. If two bodies, 
A and B, are brought together, and if neither parts with 
any heat to the other, then they are at the same tempera- 
ture. If A parts with some of its heat to 5, A is at a 
higher temperature than B ; and since B receives heat 
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from A, it is at lower temperature. The temperature of 
a body depends on the kinetic energy of the molecules 
composing it, and is wholly independent of the quantity 
of matter. A pint of water in a vessel may be at a much 
higher temperature than the water in a lake, yet the latter 
contains a vastly greater quantity of heat, owing to the 
greater quantity of water, as would be seen if we should 
utilize it in melting snow. 

178. Hot and Cold. — A body feels hot when it is im- 
parting heat to our body, and cold when our body im- 
parts heat to it. A cold body is at a lower temperature 
than our body, and, consequently, heat flows from our 
body to it ; in the case of a hot body, the conditions are 
reversed. 

179. Sensation Unreliable. — Bip. — Select three basins, 
A, B, and C. Fill A with hot water, B with cold water, and C with 
tepid wat«r. Hold one hand in A and the other in B for a minute ; 
then transfer both to G. The water of C will feel cold to the hand 
from A and warm to the hand from B. 

Hence, it is evident that the sense of touch cannot be 
depended on to give accurate information regarding the 
relative temperature of bodies. 

180. Meaisurement of Temperature. — Eip. — Fit to a 
short tesl^tube a perforated stopper, through which passes a glass 
tube, say 15 cm. lung. Fill the apparatus with colored water part 
way up tlie glass tube, naarking the height. Hold the test-tube for 
a few minutes in hot water ; the volume of the liquid is noticeably 
increased. 

Hence, we conclude that the heating of a body is at- 
tended by an increase of its volume. Experiments show 
that the amount of expansion of a body is definitely re- 
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lated to the increase of temperature. An application of 
this fact is to be found in the thermometer. 



II. THE THERMOMETER. 

181. A Thennometer is an instrument for measuring 
temperatures. The most common form consists of a nar- 
row tube of uniform bore, having a bulb at 

one end, and hermetically sealed at the other 
(Fig. 84). This bulb and part of the tube are 
filled with some liquid, generally mercury. 
Either on the tube, or the supporting frame, is 
a scale of equal parts for measuring the rise or 
the fall of the liquid. 

182. To Conetruct a Mercurial Thermome- 
ter. — A capillary glass tube of uniform bore 
is selected. A bulb, either spherical or eyliu- 
drical, is blown on one end. Part of the air 
is expelled by heating, and while in this condi- 
tion the open end of the tube is dipped into 
a vessel of pure mercury. As the tube cools, 
mercury is forced into it by atmospheric press- 
ure. Enough mercury should be introduced 

to fill the bulb and a small part of the tube at Fig. 84. 
ordinary temperatui'es. Heat is again ap- 
plied to the bulb till the expanded mercury fills the 
tube ; and while in this condition the top of the tube 
is sealed by fusing the glass in the blowpipe flame. If 
the work has been successfully done, the tube will contain 
no air, as may be easily ascertained by inverting it when 
cold and observing whether the mercury falls to the end 
on jarring. 
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183. Neceeeity of Fixed Points. — In order that the 
indications of different thermometers may be compared, 
some uniform plan of graduation is necessary. It is evi- 
dent that spaces of equal lengths on two tubes may not 
represent equal changes of temperature, since one tube 
may be of finer bore than the other, and the bulbs may not 
be equal in volume. In consequence of either of these 
differences, equal changes in the height of the two mer- 
curial columns will not indicate the same change of tem- 
perature. Why? Hence, two points must be found on 
every thermometer stem, each of which represents an 
invariable temperature. They are known as the Fixed 
■Points, and correspond respectively to the temperature of 
melting ice and of boiling water. Both of them are found 
by experiment to be constant under the same conditions. 

184, Location of Fixed Points- — The thermometer 

is packed in finely broken ice, 
as far up as the mercury ex- 
tends. The containing vessel 
is provided with an opening at 
the bottom to let the water run 
away. After standing in the ice 
for several minutes the position 
of the mercury is marked on the 
tube. This is called the Freezing- 
Point. 

The Boiling-Point is found by 
observing the position of the 
mercurial column when the ther- 
mometer is wholly enveloped in 
steam under an atmospheric press- 
•"'K^^' ure of 76 centimetres (29.922 
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inches). Since this pressure is difficult to obtain, it is 
customary to obseiTe the position of the column as the in- 
strument is enveloped in steam and compute the position 
for a pressure of 76 cm. by the riile that a difference of 



2.68 cm. in atmospheric pressure causes a difference of 1° C. 
in the temperature of the steam. 

18S. The Scale. — The distance between the fixed 
points is divided into equal paits called Degrees, The 
number of such eqMal parts being wholly arbitrary, differ- 
ent scales have come into use. In the Fahrenheit Scale 

D,.;,l,ZDdbyC00^lt: 



124 



ELEMENTS OF PHTSICS. 



(Fig. 87), the freezing-point is marked 32° and the boiling- 
point 212°, the space between being divided iotolSO equal 
parts ; in the Celsius or Centigrade, the freezing-point is 
marked 0° and the boiling-point 100° the space between 
being divided into 100 equal parts ; in the Reaumur, the 
freezing-point is marked 0° and the boil- 
ing-point 80°, the space between being 
divided into 80 equal parts. Each of 
these scales is extended beyond the fixed 
points aa far as desired. The divisions 
below 0° are read as negative ; for exam- 
ple — 10° signifies 10 degrees below zero. 
The scales are distinguished by affixing 
the initial letter of the name ; for exam- 
ple, 5° F., 5° C, and 5" R. signify 5 degrees 
above zero on the Fahrenheit, Centigrade, 
and Reaumur scale respectively. 

186. Belation of the Scalea. — Since 
180° F. = 100" C. = 80° R., then 1° F. = 
^of l°C. = tofl°R.;l°C. = Jof rF. 
= fofrR.;andl°R. = Jofl°F. = Jof 
1° C. Hence, to convert Fahrenheit degrees into Centigrade 
degrees, multiply the number by |, and to convert Centi- 
grade into Fahrenheit, multiply the number by \. (How 
would you change Centigrade into Reaumur or Fahrenheit, 
and conversely?) In converting any reading into the 
Fahrenheit scale, 32° must be added to the product, since 
the zero of that scale is 32 below the zero of the others. 
In the converse problem, 32 must be subtracted before 
multiplying. The following formulae will be found con- 
venient : F = f C. + 32 = J R. -I- 32 ; C. = 4 (F. — 32) 
= JR.j R. = | (F. — 32)=f C. 
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1, Express in the Centigrade stale tlie following: 30" F., 4° 
F., 25° R., 10° R., 40° F. 

2. Express in the Fahrenheit scale the following: 200° C.. 
20° C, 4° C, 15" R., 40° C. 

S. Express in the Reaumur scale the following : 75° C, 16° 
C, 39° F., 212° F. 

4. How would it affect the readings of a mercurial thermometer, 
if, after graduating, the bulb should contract ? 

5. How would it affect a thermometer if tiie bore grew larger 
from the neck of the bulb to the top end P 

187. Limit to the Employment of the Mercurial 
Thermometer. — Since mercury freezes at — 38°.8 C, and 
boils at 350° C, it is evident that beyond these 
temperatures the mercurial thennometei- can- 
not be eniployed, and even near these limits its 
indications are untrustworthy on account of 
changes in the rate of expansion of mercury, 
especially at the upper end of the scale. For 
temperatures below — 38° C, alcohol is substi- 
tuted for mercury. This liquid freezes at about 
— 130° C. To estimate temperatures much 
above 300° C, the expansion of a metallic rod 
is employed, or an air thermometer with a por- 
celain or platinum bulb. 

188. The Air Thermometer, in its simplest 
form, consists of a glass bulb attached to a tube , 
of small bore, the lower end of which dips into 
colored water. The tube is supported in a vi 
tical position, in front of a scale of equal ^''- ®^ 
parts. In Fig. 88 the cork of the bottle serves as a 
support. (Ought it to fit the bottle air-tight?) By 
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heating the bulb some of the air is expelled. On cool- 
ing, a column of colored water rises in the tube. Any- 
slight change of temperature in the air of the bulb 
changes the height of the liquid column. When used to 
make comparisons with the mercurial thermometer it is a 
complex instrument, because corrections must be made for 
changes due to variations in the atmospheric pressure. 
Why? The instrument is remarkable for its sensitive- 
ness, that is, for lai^e movements of the index for small 
changes of temperature. 



1. How would jou construct a wat-er tliermometer P 

2. If the bulb of a thermometer be plunged into hot water, the 
mercury at first falls. WhjP 

3. What effect will it have on the distance between iho fixed 
points to use a tube with a very small bore ? To use a large bore ? 

4. Why is a cylindrical bulb to be preferred to a spherical one 
for a thermometer P 

5. What effect would the presence of air in the thermometer 
tube have on the indications of the instrument P 



lU. SOITKCES OF HEAT. 

189. The Sources of Heat may be divided into two 
great classes : those which are Natural, over which man 
has no control beyond that of utilizing them; and those 
which are Artificial, of man's own devising. Among the 
former, we may mention the Sun and the Earth's Interior; 
among the latter, are all those cases in which some exist- 
ing form of euergy is transformed into heat. 

190, Heat due to Collision. — Exp. — Hold a piece of 
hardened steel between the thumb and forefinger of the right hand, 
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and strike a glancing blow against the sharp edge of a piece of flint. 
Sparks will be seen at each blow ; their number and brilliancy will 
be found to depend upon the vigor of the blow struck. 

Bxp — Pound a strip of lead with a hammer. Its tempera- 
ture will be noticeably increased, as can be ascertained by touch- 
ing it, or by bringing it in contact with an air thermometer. If the 
amount of pounding be increased, a higher temperature will be 
indicated. 

These experiments are illustrations of the transformatiou 
of mechiinical energy into heat. The falling hammer is en- 
dowed with energy, which is transferred in part to the lead 
on collision, thereby increasing the irregular vibratory 
movement of its molecules, which manifests itself as an 
increase of tempemture. The same explanation applies to 
the heat produced by striking the flint with steel. 

191. Heat due to Compression. — Exp. — Place a small 
piece of tinder in the cavity at the end of the piston of 
a Fire-Syringe (Fig. 89). Introduce the piston into the 
barrel and force it in quickly. Withdraw it with as little 
delay as possible ; the tinder will probably be ignited. 

The work done ou the piston accounts for the 
increased heat energy of the inclosed air. 

193 . Heat due to Friction. — Savages kindle 
fire by rapidly twirling a dry stick, one end of 
which rests in a notch cut in a second dry 
piece. The axles of carriages and the bear- 
ings in machinery are heated to a high tempera- 
ture when not properly lubricated. The 
heating of drills and bits in boring, the heating 
of saws in cutting timber, the burning of the 
hands by a rope slipping rapidly through them, the 
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stream of sparks flying from an emery wheel, are illus- 
trations of the transformation of part of the energy due to 
their motion into heat, or energy of the molecule. 

193. Heat due to Chemical Action. — Bzp. — Place a 

small piece of phosphorus ' on a board and drop oq it a few crystals 
of iodine. In a few seconds tlie phosphorus will burst into a blaze, 
owing to the heat developed bj these substances combining to form 
a compound of a red color known in chemistry as tbe iodide of phos- 
phorus. 

This experiment is but one of the many which chemistry 

furnishes showing that in most caaes where chemical com- 
binations are effected there is an evolution of heat. The 
combustion of wood, coal, etc., are instances of chemical 
action, the oxygen of the air combining with the constitu- 
ents of the substances. The potential energy due to the 
affinity between the substances combining is transformed 
into kinetic enei^ and appears in the heat generated. 

194. Animal Heat is due to oxidation. During respi- 
ration oxygen enters the lungs, passes by osmosis through 
the walls of the cells of the lungs into the blood, and com- 
bines with the carbonaceous matter found there, convert- 
ing it into carbonic oxide and water. This chemical 
action is attended by heat, the amount depending on the 
amount of oxidation. Any cause increasing the supply 
of oxygen will increase the amount of heat, and accord- 
ingly raise the temperature of the body. 

IV. DISTRIBUTION OF HEAT. 
196. Bxp. ~ Hold one end of a metallie rod in a Bunsen flame. 
"The end in the hand will soon begin to grow warm. An examina- 
tion of the rod will show that all its pakts are heated, the mot's 

> Alvajrt cm pbosphorui under water, and never handle It with drf Ongen. 
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highly ns the flame is approached. Hold the haad above the flame ; 
il will be warmed by a current of warm air risiog from the flame. 
Hold the hand by the side of the flame ; again a sensation of warmth 
will be perceived. 

Ill this experiment we recognize three distinct modes 
by which enei^y in the form of heat is transmitted from 
one point to another: 

1. Conduction, in which heat is communicated from 
each molecule to the adjacent ones, as in the ease of the 
metallic rod. 

2. Convection, in which heat is transferred by trans- 
ferring the heated particles of some kind of matter, as in 
the case of the heated air rising and warming the hand. 

3. Radiation, in which one body loses and another 
gains heat by means of a process of such a nature that the 
intervening medium is not heated ; such was the case 
when the hand was warmed at the side of the flame, the 
intervening air not being perceptibly affected. 

196. Conduction. — Eip. — Select two stout wires, iron and 
copper, of the same gauge-number, each about 40 cm. long. Twist 
them together for 
about 10 cm., and 
then separate the un- 
twisted parts, bend- 
ing them to give the 
apparatus the form 
of a fork. Support 
the wires on a wood- 
en frame, and apply Fig. 90. 
heat to the twisted 

part. After several minutes find the point on each rod farthest from 
the flame where an ordinary match ignites on touching it. This 
point will be found to be some distance farther along on the copper 
than on the iron, apparently showing that copper is a much better 
conductor of heat tlian iron. 
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Bxp. — Fasten a cylinder of wood into a brass tube, so that the 
two have the aamo outside diameter. Wrap a piece of wridng- 
paper tightly arou ad the junction and hold it in a flame (Fig. 91). 
The paper in contact with the 
wood soon burns, whereas that 
in contact with tlie braes is not 
iDJured. The metal conduota 
away the heat so rapidly that the 
paper around it does not reach 
the temperature of ignition as 
soon as that around the poorer 
conductor. 

Hence, we see that sub- 
stances differ in ability to 
conduct heat. "^s- 9i. 

Conclusions as to relative conductivity, however, are 
likely to be eri'oneous, if, in our experiments, we assume 
that it takes the same amount of heat to raise equal quan- 
tities of two substances through the same difference of 
temperatures, and that radiation goes on alike from both. 
The poorer conductor may appear to be the better. Such 
would be the ease with lead and iron, if we should com- 
pare them by fastening balls to bars of each by means of 
shoemaker's wax, and then I'ecord the time necessary to 
release the balls when heat is applied to the ends of these 
bars. The heat that will raise a mass of lead four degrees 
will raise an equal mass of iron only about one degree. 
Hence, the lead will acquire the temperature necessary to 
melt wax and release the balls long before the iron ; and 
although it is in reality the poorer conductor, the experi- 
ment would give it the appeai'ance of being the better con- 
ductor. 

Among solids the metals are the best conductors ; sub- 
stances in a powdered state are poor conductors, owing to 
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a lack of continuity in the material. Wood, leather, flannel, 
and organic substances generally are poor conductors. 




197. Ooaductivity of Liquids. — Hip.— Pass the stem of an 
air thermometer through a cork fitted into the neck of a, Itirge funnel. 
Support the apparatus as shown in Fig. 
92, adjusting it so that the lower end of 
the etem dips into a vessel of colored 
water. Fill thefnnnel with water, cover- 
ing the bulb to the depth of about two 
centimetres. Support on the top in a 
wire frame a small porcelain dish with 
its bottem dipping into the water directly 
over the bulb. Pour a spoonful of alco- 
hol into the dish and set it on fire. By 
observing the position of the colored 
water in the tube, it will be seen, that the 
intense heat produced by the burning 
alcohol has little or no effect on the bulb 
of the thermometer. On stin-ing the 
water the liquid index moves rapidly 
downward. 

It thus appears that water is a 
very poor conductor of heat. It is 
very doubtful if water, and, in fact, 
most liquids, conduct heat at all, 
the distribution of heat through 
them being due to currents set up ii 
to diffusion. 




them (200) and also 



198. Conductivity of Qases. — On account of radiation 
it is almost impossible to determine whether gases have 
any conducting power. The probability is that they are 
absolute non-conductoi's, and that any heat which they 
transmit is by currents produced in them and by diffusion. 
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199. Applications. — Some articles in a room feel cold 
to the touch when others feel warm. An examination of 
the matter will reveal the fact that those which feel cold 
are good conductors of heat, whereas the warm ones are 
bad conductors. The former lead the heat away from the 
hand faster than the hody supplies it, causing the sensation 
of cold ; the latter do not carry off the heat, and conse- 
q^uently there is a sensation of warmth. 

The handles on metallic instruments are usually made 
of some poor conductor, as wood, bone, etc., or else are in- 
sulated by the insertion of some non-conductor, as in the 
case of the handles to silver tea-pots, where pieces of 
ivory are inserted to keep them from becoming heated. A 
small coil of copper wire held in the flame of a candle will 
frequently extinguish it by conducting away the heat, 
thereby lowering the temperature below the point of com- 
bustion. 

The non-conducting character of air is utilized in houses 
with hollow walls, in double doors and double windows, 
and in clothing of loose texture. The warmth of woollen 
articles and of fur is due mainly to the fact that much 
air is enclosed within them on account of their loose 
structure. 

An interesting illustration of the high conductivity of 
copper is seen in the fact that a copper tea-kettle begins 
to " sing " at a lower temperature than an iron one. The 
heat passes through the copper more readily, and causes 
bubbles of vapor to form more rapidly. These on rising 
through the cold liquid above collapse in such rapid suc- 
cession that a musical sound is produced. If we boil water 
in a glass vessel no singing is noticeable, owing to the 
slowness with which heat passes through the glass, and to 
the smoothness of the internal surface. 
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1. Why do not snow and ice on melting liquefy at once P 

2. Why does a metal liquefy so rapidly on beginning to melt? 

3. Why does snow protect from cold P 

4. Why will a current of air extingTiish flame P 

5. Account for the non-melting of ice when packed in sawdust ? 

6. Why do men working about smelting-fu maces wear flannel 
clothing P 

7. Account for the slowness with which ice increases in thicknesa 
over a pond. 

8. What explanation would the molecular theory of matter 
suggest for the poor thermal conductivity of fluids ? 

9. Why are many culinary vessels made with copper bottoms P 

10. Why is it difficult t« boil water in a '■ furred" kettle P 

11. Why is paper so eflective in protecting plants from frost? 

200. Convection. — It has already been pointed out 
that a hquid expands on being heated, and hence has its 
density lessened. Why ? Therefore, it follows that if 
any portion of a liquid in the lower part of a vessel be 
heated, it will rise in obedience to the principle of 
flotation (167). The same is true in the ease of gases. 
The currents produced in this way are called Convection 
Currents. 

Bip. — Construct out of glass tubing a I'ectangle about 50 cm. 
long by 15 em. wide. At one corner, by means of rubber con- 
nectors, insert a T-tube, for convenience in fllling, and also as a 
provision for expansion (Fig. 93). Fill the apparatus with water, 
freed from air by boiling, and inti-oduce a few paper raspings. Now 
hold one corner of the rectangle in a vessel of boiling water. The 
particles of paper will soon begin to move around the rectangle, 
ascending on the under side and descending on the upper. Why? 
By applying ice to the under side the direction of the flow is re- 
versed. Why ? 
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Buildings and railway coaches are frequently heated by 
the circulation of hot water through pipes. Many of the 
ocean currents are illustrations of convection. 

Eip. — Fill a large glass jar or beaker about three-fourths full of 
cold water, and pour on it eai-efully some warm water colored with 



F!g. 93, 

aniliae blue, in sufficient quanUty to form a layer about 2 cm. in 
thickness. Hold in the colored water a lump of ice ; this will cool 
the surface layer, and presently streams of colored water will be 
seen descending through the uncolored liquid. Explain. 

Exp — Heat to redness a piece of sheet iron. Hold above it a 
set of paper vanes balanced on a bent wire in such a way as to 
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rotate freely. The heated itir rises, strikes against these vanea and 
causes them te rotate rapidly. Why ? To make such a set of vanes, 
cut a disk of cardboard about 10 cm. diameter. Make, say, eight 
radial cuts in it, not reaching quite to the centre. By bending the 
material, set each sector obliqaely to the plane of the circle. 

By burning touch-paper ' it will be seen by the move- 
ment of the smoke that there is a movement o£ the air on 
all sides toward the space directly over the heated plate. 

201. Ventilatioii. — Bip, — Support ia a shallow dish a short 
piece of candle and place over it a lamp-chimney. Four enough 
water into the dish to close the lower end of the chimney. The flame 
is soon extinguished. Why? Relight 

the caDdle, and insert a cardboard parti- , ^ , 

tion in the chimney, as in Fig. 94. The 
candle will now continue to bum, and if 
we hold a piece of lighted touch-paper 
over the top of the chimney we shall find 
that there is a current of air down one side 
and up the other. 




The office of a chimney is to in- 
crease the supply of oxygen to the 
flame. The air witliin it being 
heated by the flame rises, and cold 
air moves in through the bottom to 
restore the equilibrium, becomes 
heated in passing over the fire, and ^e si- 

there by maintains the high tem- 
perature, (Why does increasing the height of the chimney 
increase the draught?) This principle underlies most 
methods of ventilation of rooms. A flue in the wall car- 
ries off the impure air of the room, and air flows into the 

■Uade by eoAklng purous paper In > BtroDg BolutloD of saltp«ti« ud dryiag. It 
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room to take its place, passing over heated pipes or a 
heated furnace in so doing. 

Sometimes flues fail to work because they are too wide ; 
in which case the cold air may flow down one side and up 
the other just an if there was a partition in it. They may 
al80 fail to work because they do not open at the highest 
point of the building, in which case the pressure will be 
reversed and the current in the flue will be downward. 
Why? More frequently the failure is caused by the 
flues being placed in an outside wall, and hence the air 
within it is no warmer than that without ; in which case 
the air will flow down the flue into the room, because the 
air of the room is less dense than that without. Why? 

That the existence of flues opening into a room does 
not ensure ventilation, unless means are adopted to make 
certain the upward movement of the air in such flues, is 
illustrated in the following experiment : 

Exp. — Fit lo a wide-mouthed bottle of about 2 1. capacity a uork 
through which pass two glass tubes, each at least 2 cm. diameter 
and 20 cm. in length, the upper and the lower 
ends of these tubes being at the same leTel. A 
wire also passes through the cork, candying a 
piece of candle at the lower end. The shape of 
the wire is such that Ihe candle can be brought 
directly under cither tube, or can be turned away 
from both of Iheni. First, set the candle in the 
latter position, light it, and insert the cork with its 
tube in the boltle. The flame will soon go out, 
no air entering through either tube, although both 
are open. Secondly, blow out the foul gas, 
relight the candle, turn the wire till the flame Is 
dii-ectly under one of the tubes, and insert the 
cork in the bottle. The candle will c 



p. gg burn brightly. If we apply lighted touch-paper 

to the top oi these tubes in succession, we shall 
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finil that there is a downward 



202. Radiation. — A persun standing near a liot Btove 
experieneea a sensation of warmth. Tiie heat received is 
not communicated by contact, neither ia it conducted 
through the air. Why? Physicists are of the opinion 
that the rapidly vibrating molecules of the heated body 
set up in a subtle medium called the ether, which is 
believed to fill all space, a variety of wave motion. When 
these waves strike our boflies they produce the sensation 
of heat. Heat propagated in this way is, for convenience, 
referred to as Radiant Heat, although it does not pass 
from point to point as heat, but rather as radiant energy 
transformable into heat by absorption. It is in this way 
that heat reaches the earth from the sun. 

203. Laws of Heat Badiation. — Experiments prove 
the following laws : I. Radiation proceeds in straight 
lines. This is illustrated in the use of firescreens and 
sun-shades. 

II. The amount of radiant energy received by a bodjf 
varies inversely as the square of the distance from the source. 

III. Radiant energy is reflected from a polished sur- 
face so that the angles of incidence and reflection are equal. 
Archimedes is said to have set fire to the Roman ships 
during the siege of Syracuse in 212 B.C., by concentrating 
on them the heat of the sun by the aid of a large concave 
reflector. 

IV. The power of substances to reflect radiant energy 
depends both on the polish of the surface and the nature of 
the material. Polished brass is the best reflector, and 
lampblack is the poorest. 
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V. The rate at which the temperature of a eooUng body 
falls hy radiation is proportional to the excess of its tempera- 
ture over that of the surrounding medium. This is known 
as Newton'g Law of Oooling, and is very nearly coiTect 
where the excess is under 20° C. 

204. Absorption of Heat. — Bip. — In slots, 10 cm. apait, 

out in a narrow board, support two pieces of bright tin plate, each 
10 cm. square. Coat the inner face of one of these squares of tin 
with lampblack. Stick balls of equal size at the centre of each out- 
side face witli shoemaker's was, using as little aa possible. Hold 
a heated block of iron midway between the two plates. The ball 
will soon fall from the blackened plate, showing that lampblack 
is a ready absorbent of heat. 

By coating one of the plates successively with different 
substances, it will be found that substances differ in their 
power of absorbing heat. Leslie discovered that the best 
absorbers, as lampblack, ashes, rough surfaces, are bad re- 
flectors ; while good reflectors, as polished metals, are bad 



306. Selective Absorption. — Biq?- — ¥i\\ a large flat 
bottle, about 3 cm. tliick, with alum-water, place it between the 
sun and the bulb of an air thermometer, and compare with the effect 
obtained when nothing inteiTenes. Repeat the experiment, using 
iu place of the alum-water a solution of iodine in carbon disulphide. 

A comparison of the results reached will show that 
alum-water cuts off nearly all radiant heat, whereas the 
solution of iodine does not perceptibly affect the intensity. 
Substances which transmit radiant heat are called Diather- 
manous, and those which do not, Atkermanous. Rock-salt 
is the most highly diathermanous substance known. On 
the other hand, alum, sugar, glass, water, and ice are ex- 
tremely athermanous. The diathermanous character of a 
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substance varies with the nature of the radiant. Such 
substances as alum, water, etc., transmit little or none of 
the radiation from a surfaee of low temperature, but allow 
considerable to pass when the radiating body is one of 
high temperature. The radiant energy from the sun 
passes readily through the atmosphere to the earth, 
warming its surface ; but that from the earth is stopped 
by the enveloping atmosphere- Likewise, the radiant 
heat from the sun passes readily through the glass of 
the greenhouse, but that from within is unable to pass 
outward. 



1. The moon has no atmoaptaere. What effect must this hare on 
the moothly range of temperature on its surface? 

2. If Newton's law of cooling be true, calculate the following : 
The temperature of a room is 60° F., and a thermometer cooling in it 
indicates the readings 180° and IW at an intei-val of one minute. 
What will be its reading after another minute? 

3. On the top of a high mountain a person is blistered in the sun 
and frozen in the shade. Explain. 

4. Is brick or polished tile the beat substance for the ba^k of a 
fire-place? 

5. Which will heat the sooner in the sun, a polished or a rough 
piece of brass? Explain. 

6. Large tin cans are employed in carrying milk. It is desirable 
to keep the milk as cool as possible. Would it be wise to paint the 
cans on the outside? 

7. Ought the botlom of a tea-kettle to be polished? 

8. Account for winds. 

9. Why does snow near a tree melt sooner than in the open field? 

10. How are safes made fire-proof? 
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EFFECTS OF HEAT. 



206. Expansion of Solids.— Bzp.— Fasten a metal rod 
about 30 cm. long to a heavy wooden block. Let the other end of 
the rud rest against a pointer pivoted to a vertical board. The bear- 
ing should be as near the pivot as possible. Place a flame under the 
rod. The moving pointer will indicate that the rod is increasing in 
length. 



F;g. 96. 

Bip — Cut a round hole in a sheet of tin so that aselected metallic 
ball will Just pass through it. On heating the ball it will bo found 
that it is too large for the opening, showing that it has expanded in 
every direction. 

Eip — Rivet together at intervals of 2.5 cm. a strip of sheet iron 
and one of copper, each about 20 cm. long. Heat the middle of this 
compound bar in a flame. In a few minutes it will be appreciably 
curved, with the copper on the convex side, because the two metala 
expand unequally. 

Such experiments as these establish the following laws: 

I. Solids expand when heated and contract when cooled. 
Iodide of silver is the only known exception. 

IT. The amount of expansion varies with the substance. 
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207. Bxpansion of Liquids,— Bip. — Select several glaas 
tubes of the same bore, and each about 15 cm. long. Close one end 
of each by fusion. Fill each (o the same height with some liquid, as 
water, alcohol, glycevine, etc. Hold them in a vessel of hot water. 
The liquids will rise in the tubes, but not to the same level. 

Henee, we conclude that liquids expand, the amount vary- 
ing with the subxtance, 

208, Expansion of G-aees. — Brp, — Select two Florence 
flasks of the same shape and volume. Fit to each, air tight, a per- 
forated stopper, through which is a bent deliverj-tube. Fill one 



flask with air and the other with coal-gas. Insert each flask to the 
same depth in a vessel of hot water. The gases, expanded by 
the heat of the water, escape through the delivery- tubes. Collect the 
escaping gases in graduated test-tubes over water. On removing 
the water-bath, the gases cool and water enters the flasks, A care- 
ful inspection of the test-tubes will show that they contain about 
equal quantities of gas. Hence: 

I. Heat expands gases and cold contracts them. 
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II. For a given change in temperature, gases suffer a 
greater change of volume than either tiquids or solids. 

III. All gases expand at the same rate. 

209, ApplicationB. — Many familiar phenomeDa are 
explaiued by expansion. If hot water be poured into a 
thick glass vessel, it will break because of the strain due 
to the sudden ejcpansion of the inner surface. Glass is 
a poor conductor of heat, and hence glass vessels which 
are to be subjected to extremes of temperature must he 
thin, in order that the two surfaces may not differ much 
in temperature and cause unequal expansion. In laying 
the iron rails of a railroad in cold weather, spaces are left 
between the ends to permit of expansion. We have 
already seen that in the thermometer the principle of 
expansion is utilized, or rather the principle of differential 
expansion, for if the mercury and the glass expanded 
alike, the instrument would not work. Why? The 
metallic thermometer utilizes the unequal expansion of 
metals ; a compound bar, as it changes its shape with the 
changes of temperature, moves a pointer over a graduated 
scale. Glass and platinum expand very nearly at the 
same rate. For that reason platinum wires can be fused 
into glass vessels and not crack out on cooling. 

210. Coefflcient of Expaneion. — It has been shown 
that substances when heated expand in every direction. 
This is called Cubical Expansion, in distinction from Linear 
Expansion, or expansion in one direction only. The Co- 
efficient of Linear Expansion of a body is the fraction of 
its length which a body expands when heated from 0° to 
1° C. The Coefficient of Cubical Expansion is the fraction 
of its volume which a body expands when heated from 
0° to 1° C. 
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In the case of solids, it is found that the coefficient is 
nearly tlie same at whatever temperature the measure- 
ments are made, increasing, however, slightly as the 
temperature rises. Cubical expansion can best be ob- 
tained by computation from linear expansion. If the 
specimen under consideration have the form of a cube, 
then if we represent one side by a, and heat expands it 
to a~\-b, its volume will have changed from a" to (a -^- hy 
or a^ + da'b-^Sab' -j-h'. Since the quantity b is very 
small compared to a, it is evident that SaS' -f- 6' may be 
omitted without serious error, and the volume will be ex- 
pressed with sufficient accuracy by a' -^- 3a*6, the increase 
being 5a'b. Hence, the coefficient of cubical expansion is 

3 ■ or -— , But — is the coefficient of linear expansion. 

Therefore, the coefficient of cubical expansion is three 
times that of the linear expansion. 

In the case of liquids and gases, it is possible to measure 
only the expansion in volume. Even this offers great 
difficulties, owing to the expansion of the containing ves- 
sel. Investigations relating to the uniformity of expan- 
sion of fluids show that liquids are far from regular, but 
that gases under constant pressure have a nearly constant 

coefficient of ^=5 or 0.00366. Mercury is quite regular be- 
tween — 36° and 100° C, but above 100° C. the coefficient 
gradually increases in value. Perhaps the most striking 
departure from regularity is shown by water. In heating 
it from 0° to 4° C. it contracts in volume ; after this point 
any increase of temperature causes it to expand, slightly at 
first, but more and more rapidly as it approaches its boil- 
ing-point. 

211. BxpansloD on Crystallizing. — Bip.-Fit to a small 
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bottle a perforated cork through which passes a glass tube. Fill the 
apparatus half way up the inserted tube witli water, freed from air 
by boiling, and tlien pack in a. mixture of finely broken ice and 
salt. The water-column will slowly fall for a few minutes, and 
then it will begin to rise till water flows out of the top of the tube. 
On examination it will be found that the water ia frozen. 

Those substances which crystallize on cooling as a rule 
expand when their temperature approaches that o£ the 
solidify ing-point. Crystalline structures occupy more 
space than the same matter in a liquid form. 

212. Force of Bxpaneion and Contraction.— Bip.— 
Pour about one com. of water into a small test-tube and close the 
end by fusion. Lay it in an empty sand-bath on the ring of the iron 
stand. Apply heat and stand at a safe distance. In a few minutes 
there will be a loud report due to the bursting of the tube. 

The force of expansion or of contraction of a substance 
is evidently equal to that necessary to compress or ex- 
pand it to the same extent by mechanical means, and 
hence can be computed by proceeding in the manner il- 
lustrated in the following example : A bar of malleable 
iron, one square inch in eross-sectional area, if placed un- 
der a tension of one ton, increases in length .0001 of itself. 
The coefficient of linear expansion of iron is .000012204, 
Since .0001 ~ .000012204 = 8+, a change of temperature 
of about 8° C, will produce the same change in the length 
of the bar as a force of one ton. 

Applications of this great contractile force are numerous. 
In fitting tires to wheels, they are cut somewhat smaller in 
diameter than the wheels, then expanded by heat till they 
slip on. On cooling they contract and bind the parts 
firmly together. In riveting together the plates of a 
steam-boiler, the bolts are heated so that on cooling the 
plates may be forced together and the joints miide water- 
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tight. In all heavy metal structures, such as railroad 
bridges, one end at least must have freedom of motion ; 
otherwise, the changes of length during variations of tem- 
perature would result in the deformation of the structure. 



1. Why will heating the neck of a bottle frequenlly loosen the 
glass stopper? 

2. Why does a ulock lose time in summer and gain in winter ? 

3. A rod of zinc measures 1 ft. 3 in, at 0°C. ; what will it measure 
at G" 0. ? 

i. A cube of copper measures 1 ft. on each edge at 15° C. Find 
ita volume at 180° C. 

5. Why does temperature affect density? 

6. A pond is just about to freeze; what will be the temperature 
of the surface water ? what that at the bottom ? 

7. Find the coefB.cient of expansion of a rod of brass from the 
following data: at 15° C. it measures 2 ft. long; at 95° C. it 
measures 2.003 ft. 

8. At 0° C, the volume of a certain mass of wr is 1092 cu, ft. 
What will be the volume at 20° C, and at — 20° C. P 

9. The coeflieient of expansion of brass is .000019. A certain 
distance measured with a brass yardstick is 420 ft. 6 in. The tem- 
perature was 21° C. ; the yardstick was correct at 16° C. Find the 
correct distance. 

10. 15 litres of oxygen at 10° C. will have what volume at 
0°O.? 

11. Three gallons of gas at 10° C. shrinlc to 21 gallons at what 
temperature ? 

12. A litre of air at 0" C. and 760 mm, pressure weighs 1,293 
gram. ; what will a litre of air at 15° C. and 763 mm. weigh P 

213. Liquefaction. — One of the most familiar effects 
of heat is the change in the state of the substance. When 
a body passes from a solid to a liquid condition it is said 
to Melt or Liquefy, and the act of changing is called Lique- 
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faction. The temperature at which this change occurs is 
the Jifpltinff-Point. 

214. Solidifloation. — Nearly all liquids have been 
changed to the solid form by lowering their temperatures, 
that is, they Freeze or Solidify. The temperature at 
which tills change occurs is usually the same as the melt^ 
ing-point. Some substances, as water and sulphur, if 
undisturbed, can be cooled several degrees below their 
true solidifyiiig-poiut and still remain liquid. On the 
slightest disturbance, however, solidification at once sets 
in and the temperature rises to that of the usual solidifying- 
point. 

215. Laws of B^ision. — It is found experimentally 
that the fusion of bodies is in accordance with the follow- 
ing laws : 

I. Every mib»tance begins to melt at a certain tempera- 
ture, invariable for each substance, if the pressure be constant. 

II. The temperature of a svistance when tlowly melting 
remains constant till all is melted. 

III. Substances which contract on melting have their 
melting-points lowered by pressure, and vice versa. 

216. Disappearance of Heat jiurine Liquefaction. — 
During the process of liquefaction there is no i-ise of 
temperature, although heat is constantly applied to the 
substance. When this fact was first observed, it was gen- 
erally believed that heat was a kind of matter. This led 
to the introduction of two terms, Sensible Seat and 
Latent Heat, the former denoting that form of heat which 
affects the temperature ; and the latter, that form which 
it was supposed to assume when it no longer affects 
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it. These terms have been retained, notwithstanding the 
falsity of the materialistic theory of heat, and definitions 
in harmony with the kinetic theory have been given them. 
In order that a substance may pass from the solid to the 
liquid state, work must be done against the force of co- 
hesion. To effect this, energy must be expended, and this 
is supplied by the heat which is communicated to the 
substance. Hence, the energy transferred to the body is 
in part transformed iiito the potential form, which does not 
increase the kinetic energy of the molecules, and does not 
cause an increase of temperature. Therefore, it appears 
that when heat is applied to a body, part goes to increase 
the molecular kinetic energy., which appeai-s as Sensible 
Heat ; and part goes to increase the molecular potential 
energy, that is, becomes Latent Heat. 

217. Disappearance of Heat duringr Solution. — Bip — 
Pour a few cubic cenLiraetres of water into a beakei' and aacertaia its 
temperature. Then add a few crystala of sodium sulphate. The 
temperature will fall as they dissolve. 

Just as in melting, the cohesion of the substance has to 
he overcome in effecting the solution, and hence some of 
the kinetic energy is transformed into potential energy, or, 
in other words, heat disappears. It will often happen that 
this absorption of heat i^ disguised by the heat evolved by 
chemical action between the substances. 

218. Evolution of Heat during: Solidifloation. — When 
a liquid solidifies it must part with the energy necessary 
to, maintain its liquid condition against cohesion. This it 
does in the form of sensible heat. The potential heat of 
liquefaction then changes to the kinetic form when solidi- 
fication takes place, the amount of heat now appearing 
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being evidently equal to that which disappears during 
fusion. 

An application of the above principle is seen in protect- 
ing cellars from frost by placing in them tubs of water. 
The water on freezing gives off heat, which maintains the 
temperature sufficiently high to protect the vegetables. 
The amelioration of the cold of winter and the heat of 
summer by large bodies of water is similarly accounted 
for. 

219. Freezing Mixtures. — Biq?- — Mix together one part 
by weight of common salt, and two pai-la of snow or pounded ice. 
A therraometer placed in the mixture will probably indicate a tem- 
perature as low as — 20° C. 

tSxp. — Powder together equal weights of ammonium chloride 
and potassium nitrate, and dissolve in twice their weight of water. 
A thermometer in the solution will show a fall of about 30° in tem- 

All such freezing mixtures are based on the principle 
that heat is absorbed (rendered latent) in the passage of 
bodies from the solid to the liquid condition. 

220. Vaporization is the act of changing a substance 
into a gaseous condition. If this change takes place 
slowly, without producing any noticeable disturbance in 
the body of the substance, it is called Evapor<Uion. If, 
during the act, the body is visibly agitated, it is called 
Ebullition. 

221. Illustrations. — Bip. — Pour a few drops of ether into a 
beaker and cover it loosely with a plate of glass. Let it stand for a 
few moments, then bring a lighted match to the mouth of the vessel, 
A sudden flash will show that the vapor of other filled the vessel. 

Exp — Support on the iron stanii a beaker two-thirds full of water. 
Apply heat; in time bubbles of steam wlil rise from the bottom of 
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the beaker, through the liq^uid, and burst at the tup. The water is 
now "bmling." 

222. Laws of Evaporation. — Experiment allows that 
evaporation takes place iii accordance with the following 
laws: 

]. The rate of evaporation intreasex with increase of tem- 
perature. 

II. The rate of evaporation iniTeasen with the free surface 
of the liquid. 

III. The rate of evaporation is aeeelerated by a continual 
change of the air in contact with the liquid. 

IV. The rate of evaporation is accelerated by diminution 
of pressure. 

223. Bzplanatiocs and Applications. — That a large 
surface should be favorable to evaporation is easily ac- 
counted for by the fact that a great number of points is 
afforded for the formation of vapor. The principle is 
utilized in the manufacture of salt by having large shallow 
pans for the brine, or by having the brine trickle over large 
bundles of twigs. 

The effect on the rate of evaporation due to changing 
the air next to a liquid has a most familiar illustration in 
the action of wind in drying the I'oads after a rain, and in 
drying wet articles when hung up. Were the surrounding 
air at rest, it would soon become saturated with moisture, 
and the molecules in their erratic movements would return 
in as great numbers to the body from which they came as 
those escaping from it, thus neutralizing any loss from 
evaporation. This is prevented when the air is in motion. 

In order that syrups may be concentrated at a low tem- 
peratui-e to avoid burning, the operation is carried on in 
large covered pans from which the air and the vapor are 
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exhausted by ait-pumpa. The apace above the liquid does 
not become so crowded with molecules as to impede the 
movements of the molecules leaving the surface of the 
liquid. 

224. Laws of Ebullition. — Experiment reveals the 
following laws regarding the boiling-point of a liquid : 

I. Hack liquid hag its own boiling-point, which is j'n- 
variable for that substance under the same conditions. 

IT. The boiling-point is dependent upon the character of 
the surface of the containing vessel. 

III. The boiling-point is raised by salts and lowered by 
gases dissolved in the liquid. 

IV. The boiling-point increases with the pressure. 



225. Franklin's Experiment. — Fit to a Floreofo flask a 
delivery-tube as shown iu 
Fig. 98. The bore of the 
tube should be small, and 
the cork should fit air- 
tight. Fill the flask about 
one-thii-d full of water and 
bring it to (he boiling- 
point. After the boiling 
has continued for a few 
minutes, remove the lamp, 
and Itt the delivery- tube 
dip Into a small dish of 
water. As the water in 
the flask cools, that in the 
beaker will rise in the tube. 
WhyP In a few minutes 
it will begin to flow over 
into the flask, and a violent 
boiling of the water in the 
flask will take place. 
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The introduction of the cold water condenses the vapor 
above the water in the flask and lowers the pressure, with 
the result that the water boils vigorously, though its tem- 
perature is considerably below that of the true boiling- 
point. 

226. Measurement of Helgrhta by the Boiling-Point, — 

Since atmospheiic pressure decreases with the elevation, 
it is evident that the boiling-point of a liquid must 
also decrease. Hence, the boiling-point of water may be 
used as an indicator of the height of a place above the 
level of the sea. A close appi'oxiraation to the altitude of 
a place is obtained by allowing 295 metres for each degree 
C, or 538 ft. for each degree F., that the observed boiling- 
point of water is below the boiling-point at sea level. 
Thus, at Quito, the highest city in the world, where the 
-average boiling-point oE water is 90.1° C, the height above 
sea level would be 295 X 9.9 = 2921.5 metres, a quantity 
greater than the true height by 34.4 metres. 

227. Disappearance of Heat during Evaporation. — 

If a thermometer be suspended in the vapor above a 
boiling liquid, its reading is constant so long as the 
pressure remains unchanged, altliough large quantities of 
heat are continually imparted to the substance. The large 
amount of lieat rendered latent is accounted for by the 
work done in separating the molecules beyond the range 
of cohesion, and overcoming the pressure of the air and 
vapor above the liquid, 

228. Cold by Evaporation. — Eip. — Pour a few drops of 
ether on the bulb of an air thermometer. A rapid fall of tempera- 
ture will result. 

In the vaporization of the ether work is done, some of 
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the kinetic energy of the air in the bulb is transformed into 
potential energy, that is, part of its heat ia used to vaporize 
the ether, thereby lowering its temperature. Many appli- 
cations are made of the principle that evaporation is 
attended by a lowering of temperature. The rapid evap- 
oration of liquid ammonia is utilized in the artificial pro- 
diiction of ice. Sprinkling the floor of a room cools the 
air, because of the heat rendered latent by the evapora- 
tion of the water. Professor Dewar ha.s recently liquefied 
oxygen on a large scale by means of a very low temper- 
ature, obtained by the successive evaporation of liquid 
sulphur, dioxide and ethylene. 

229. Heat by Condensation. — When a vapor is lique- 
fied all the heat that disappeared during vaporization is 
again generated or rendered sensible. Application is made 
of this in steam-heating. 

230. Distillation is an application of the principles of 
evaporation and condensation. Fractional distillation con- 
sists in the sep- 
aration of two 
or more liquids 
of different 
boiling-points 
from one an- 
other. The 
apparatus used 
for vaporizing 
the liquids is 
called the 
SHU; and that 

Fig. 99, for liquefying, 
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the Condenser. In practice, the condenser frequently con- 
sists of a coiled tube, called the Worm, surrounded by water. 
The following experiment illustrates the process as carried 
on in laboratories : 

A mixture of alcohol and water is placed in tlie flask F (Fig. 99} . 
The delivery-tube passes throagh a large tube J, which is supplied 
with cold water, aa shown in the figure. By keeping the flask at a 
temperature intermediate between the boiling-points of water and 
alcohol, the vapor which escapes will be largely that of alcohol. 
This will be condensed by the eold water surrounding the delivery- 
tube and collected in the flask B. 



1. How can pure water be obtained from sea wafer ? 

2. How can water be heated above the ordinary boiling-point ? 

3. How high is a mountain where wat«r boils at 85° C. P 

4. Mt. Washington is 6,288 feet above the sea-level ; at what 
temperature will water boil on its top P 

5. Hang a thermometer under the receiver of an air-pump, ex- 
haust the air, and account for the falling temperature. 

6. Why will a thermometer with moist bulb register lower in the 
wind than when pn>tected? 

7. Pour water at the temperature of the room into an unglazed 
earthen vessel. Insert a thermometer. Account for the lowering of 
the temperature. 

8. Account for the low temperature on the tops of mountains. 

9. Why is an iceberg frequently enveloped in a tog ? 



VI. CALOHIHETHY. 
231. Terms used. — The quantity of heat necessary to 
raise the temperature of unit mass of water is called the 
Thermal Unit. If a gramme is the unit of mass, the 
thermal unit is called a Calorie. Any unit of mass may 
be taken as a standard in fixing the magnitude of the 
thermal unit, provided this unit of mass is not changed 
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throughout any problem. 77ie Thermal Capacity of a sub- 
stance is the number of thermal units necessary to raise its 
temperature 1° C. The Specific Meat of a substance is the 
thermal capacity of unit mass of the substance. For ex- 
ample, the sjiecifie heat of mercury is 0.0335, meaning that 
the heat which will raise the temperature of unit mass of 
water 0".O335 C. or 0.0335 of unit mass 1" C. will raise the 
temperature of unit mass of mercury 1" C. (How many 
times greater is the thermal capacity of a gramme of water 
than that of a gramme of mercury ?) 

232. Thermal Capacity of Water. — Hup. — Select two 

thin glass beakers of about oae litre capacity eacli. Pour into each 
400 gnimines of water, one at the temperature of the room and the 
other at about 60° C. Now pour the hotter of tlie two into the colder. 
The temperature of the mixture will be about the aritlimetieal mean 
of the temperatures of the two vessels before mixing. For example, 
if the temperatures were 20° and G0° respectively before mixing, 
that of the mixture will be about iO°, the small discrepancy being 
due to radiation and absorption by the vessel. 

Hence, we see that the heat which raises a quantity 
of water from 40° to 60° is sufficient to raise an equal 
quantity from 20° to 40° ; or the quantity of heat which 
will raise a quantity of water 20° at one part of the ther- 
mometric scale will raise an equal amount 20° at another 
part of the scale, a result which would not be reached, if 
the thermal capacity of water were not approximately the 
name at all temperatures. 

233. Determination of Specific Heat. — Bip, — Make a 
loose coil of sheet lead, weigh it, and suspend it by a thread for 
several minutes in boiling water. Take the temperature of tlie 
water and you will have tliat of the lead. Weigh out in a beaker a 
quantity of water sufficient to cover the lead and bring it to the 
temperature of the room. Now transfer to it the coil of lead from 
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the boiling water, stir Uie water gently with a thermometer and re- 
cord the temperature as soon as it ceases to rise. The number of 
thermal units gained by the water (which is the number lost by the 
lead) mil be the product of tlie mass of the water by the gain in 
temperature. This divided by the lead's loss of temperature wiil be 
the thermal capacity of the lead, and tliis by the mass of tlie lead will 
be its apecijie heal. Why P 

The above method of finding the specific heat of a sub- 
stance is known as the Method of Mixture. To obtain 
accurate results the data obtained must be corrected for 
radiation and absorption by the vessel. 

234. One Cause why Substances differ in Specidc 
Heat. — When heat is applied to a body, part goes tiiward 
raising its temperature, and part is consumed in doing 
internal and external work, or in doing work against co- 
hesion and outside pressure in giving new positions to 
the molecules. Since in different substances the force of 
cohesion differs considerably, we should expect to find 
that varying amounts of heat-energy are spent in doing 
work against it. This becomes latent, and consequently 
not the same quantity remains in each substance to pro- 
duce changes in temperature. 

235. The Latent Heat of Fusion is the number of 
thermal units of heat required to melt unit mass of the 
substance without raising its temperature. The following 
experiment shows how it may be obtained for water : 

Pour into a beaker 500 grammes of water at a temperature of 
60° C. Add to it, in small pieces, 200 grammes of ice. Take tlie 
temperature of the water as soon as the ice is melted. Suppose it 
is 20°. The number of calories of heat consumed will be &00 times 
the fall of temperature, that is, 500 X 40 = 20000. But 200 grammes 
of ice-water were raised from 0° to 20°. Hence, 200 X 20 = 4000 
calories were expended in heating the iee-water up to 20°; while 
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20000 — 4000 = 16000 calories were requirad to melt 200 g. of ice. 
Therefore, 16000 -f- 200 ^ 80 calories is the amount of heat required 
to melt one gramme of ice. 

When corrections for radiation and absorption are made 
it is found that the heat of fluidity of water is 79.25. 

236. The Latent Heat of Vaporization is the number 
of thermal units required to change unit mass of the sub- 
stance at its boiling-point into vapor at the same t-empera- 
ture. It may be found for water as follows : 

Set up an apparatus like that shown in Fig. 100. Boil water in the 
flask and convey the steam into a beaker containing a known quan- 
tity of water. The increase 
in the weight of the water 
gives the amount of steam 
condensed, and the ini:rease 
of temperature gives the 
amount of heatgiven off. The 
"trap" in the delivery-lube 
catches the water that eon- 
denses before reaching the 
beaker. Suppose that the 
experiment furnishes the fol- 
lowing ilata : Amount of 
water in the beaker 400 g. at 
the beginning, 414 g. at the 
end. Temperature at the be- 
ginning 20°C., at the end 40° 
C. Observed boilhig-point 
99° C. Then, there were 
14 g. of steam introduced, 
which firstcondensedto water 
at 99° C. and afterwards fell 99° — 40''=69°. 400 g. of water 
increased 20°, for which 400X20=8000 calories were required. 
14 X 59=^826 calories came from the condensed water in cooling from 
99° to 40°. Hence, 8000 — 826 = 7174 calories came from the steam 
in condensing to water at 99°; 7174 -<- 14^612.4, the number of 
■lories given out by one gramme of steam in condensing. , 



When corrections for absorption and radiation are 
made it is found that the )at«nt heat of steam is 535.9. 



1. Equal masses of boiling water and of mercury at — 5° C. are 
mixed togethei' with a resulting temperature of 96°. 65 C. Find tlie 
specific heat of mercury. 

2. How much ice at 0° C. will be melted by 500 grammea of boil- 
ing water ? 

3. How much ice must be dissolved in a litre of water at 20° C. 
in order to reduce its teniperature to 6° C. P 

4. i'ind tlie result of mixing 2 lbs. of ice at 0° C. with 3 lbs. of 
water at 45*^ 0. 

5. 30 g. of iron nails at 100° C. are dropped into 60 g. of water at 
13^.2 C, and the final temperature la 18°.6 C. What is the specific 
heat of the nails P 

6. How much heat is required to raise 150 g. of copper (sp. ht.:= 
0.096) from 10° to 150° C. P 

7. 120 g. of' ice melted in 300 g. of water at 50° C. reduee.l the 
temperatui'e of the water to 13° C. Compute the latent heat of 
fusion of water. 

8. 10 g. of steam at 100° C. condensed in one kilogramme of water 
at 0° C. raised the temperature to 6° .8 C. Calculate the latent heat 
of steam. 

9. How much steam at 100° 0. is required to rajse 160 g. of water 
from 0° to 100" C. P 

10. How much heat would it i-equire to vaporize 250 g. of ice at 
0°C.? 

Vn. HEAT AND WORK. 

237- Relation between Heat and Work. — By a series 
of experiments carried on by Dr. Joule, of Manchester, be- 
tween 1843 and 1849, the following important proposition 
was established : 

The disappearance of a definite amount of mechanical 
ejiergy is attended by the production of a definite amount of 
heat. 
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The number of units of work necessarj' to produce one 
unit of heat is known as the Mechanical Equivalent of Seat. 
One method pui-sued by Dr. Joule in finding its value 
was that of measuring the heat produced in a ves- 
sel of water by agitating it with a set of paddles driven by 
a known weight falling through a known height. His 
conclusion was that the quantity of heat which will raise one 
pound of water through V F. was equivalent to 772 foot- 
pounds of work or ISQO foot-pounds for 1" C. If we employ 
metric units, the quantity 
of heat which will raise 
one kilogramme of water 
through 1" C. is equivalent 
to 424 kilogramme-raetrea 
of work. Recent experi- 
ments by Prof. Rowland 
show that 778 and 427 re- 
spectively are the more 
probable values. 

238. The Steam-Bn- 
gine is a device for trans- 
forming the energy stored 
in steam into mechanical 
motion. In the more com- 
mon of its many modern 
forms it consists of a strong 
cylinder in which a piston 
is made to move to and fro 
'^' by applying the pressure of 

steam to its two faces alternately. 

In Fig. 101 is shown an engine divested of many of the 
more complicated accessories designed to improve its effi- 
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eiency. The cylinder is represented in section. The pis- 
ton M moves to and fro in the cylinder B by virtue of 
the pressure of the steam supphed by the boiler through 
the tube F. In the Steam-Chest E works the Slide- 
Valve R which admits the steam alternately to the ends 
of the cylinder through N and 0, When the valve ia 
situated as shown, the ateam passes into the upper end 
of the cylinder and drives the piston down. At the 



same time the other end is connected with an exhaust-pipe 
shown at P, through which the steam either escapes into 
the air, as in High Pressure or Novr Condensing engines, 
or into a large chamber, as in Low-Pressure or Con- 
densing engines, where it is condensed to water, thereby 
reducing the pressure on that face of the piston. The 
slide-valve is moved by the rod ff, connected to an Eceen- 
tric C, a wheel pivoted a little to one side of its centre, on 
the horizontal shaft K. This shaft receives its motion 
from the piston by inean.s of the jointed rod A, and the 
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Crank T. The Fly-Wheel L serves the double office o£ 
belt-puUey and reservoir of energy. It is made with a 
heavy rim in order that when the piston is at the end of 
the cylinder, and the direction of motion must change, the 
energy stored up may be sufficient to carry the shaft be- 
yond these Dead Points where the piston can again turn 
the shaft. It also serves to give uniformity of motion to 
the shaft, which would otherwise vary on account of the 
effective part of the force exerted on the crank not being 
constant, being considerable when the crank is at right 
angles to the connecting-rod, and diminishing to nothing 
when parallel to it. 

In order that the piston-rod may always move in a 
straight line, and the piston maintain a steam-tight fit in 
the cylinder, the former is attached to a transverse bar, or 
cross-head A, which slides on two guide-bars B, B, firmly 
bolted to the framework of the engine, and adjusted accu- 
rately parallel to each other and to the piston-rod. In 
many large engines (Fig. 102) the cylinder ia given a hori- 
zontal position. 
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CHAPTER V. 



MAGNETISM AND ELECTRICITY. 



I. MAGNETS. — POLARITY. — INDUCTION. 

239. Natural Magrnets. — There is found, widely dis- 
tributed in nature, an iron ore, consisting of iron and 
oxygen, which sometimes possesses the property of attract- 
ing iron. This substance was probably first obtained near 
Magnesia, in Asia Minor, and hence. the name Magnet is 
applied to it. 

Exp. — Dip a piece of oatural magnet 

into iron filings or smalt iron tacks. On 

witlidrawing it. quite a large quantity will 

ailhere in tufts to opposite parts of the 

Fig, 103. magnet (Fig. 103), 

Bip — Make a stirrup out of wire, place in 
it the piece of natui-al magnet, and suspend it 
by an untwisted Uiread (Fig. 104) away from 
masses of iron. Carefully exclude all air- 
currents and allow the magnet to come to 
i-est. Note the position, then disturb it slightly, 
and again let it come to rest. It will be found 
that it invariably returns to the same position, 
the line connecting the two parts to which the filings adhered i[ 
preceding experiment lying north and south. 

This property of the stone was early turned to account 
in navigation, and secured for it the name of Lode- 
atone (leading-stone). 



Fig. 104. 



the 
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240, Artificial Magnets. — Exp. — Strohe a largo darning- 
needle from enil to end, and always in one way, with one of the 

ends of the lodestone. Dip it into iron filings and they will cling in 
tufts to it as they did to the lodestone. The needle has become a 

Eip. — Use the needle of the last experiment to sti-oke another 
needle. This second needle also acquires magnetic properties, and 
the first one has apparently suffered no loss. 

Artificial Magnets are those made from steel by the 
application of a lodestone or 
' some other kind of magnetiz- 
ing force. The process of 
making such a magnet is called 
The success 
of the operation depends 
largely on the quality and 
temper of the steel, the shape 
of the piece, and the mode of applying the magnetizing 
force. The principal forms of artificial magnets are the 
Bar and the Horseshoe (Fig. 105), so called from their 
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241, Polarity. — Exp. — Roll a bar magnet in ii-on filings. 

n somewhat irregular tufts, near the ends, and but 

middle (Fig. 106). 

The experiment 
indicates that the 
attractive power of 

the magnet is concentrated in two opposite parts. These 
are called its Poles. The line joining these poles is the 
Magnetic Axis, and the line at right angles to the axis, 
marking the place of no attraction, is the Equator of the 
magnet. 
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242. Poles Distinguished. — Bip— Lay a darning-needle 
on a piece of t'ork, floiiting in a glass vessel of water; nole its 
poaitioii after it conies to rest (Fig. 107). Repeat the operation 
several times ; it will gener- 
ally be found that there is 

no uniformity in the direelion 

it assumes when at rest. Now 

stroke the needle from end to 

end with one pole of a magnet g 

and i-epeat the tests. It will ^ 

then be seen that the needle 

always conies to rest lying 

nearly in a north and south 

line with the same end toward Fig.t07. 

the north. 

This fact has suggested that the name North-Seeking 
Pole he given to that pole of a magnet which tends to 
turn toward the north, and South-Seeking Pole to the 
opposite one. 

243. Consequent Poles. —Bip— Draw the temper of a 
knitting-needle slightly at two or three points. After stroking it 
with a strong magnet, roll it in ii-on filings. They will adhere in 
tufts along the needle as well as at the ends, showing the existence 
of several poles. 

It has been found impossible to make a magnet with 
but one pole, two poles being the least number possible. 
Sometimes, however, through the lack of uniformity in 
the steel, or through defects in the method of magnetiza- 
tion, other intermediate poles are formed, called Conse- 
quent Poles. 

244. Action between Magnets. — Btip- — Suspend in 
succession, after the manner shown in Fig. 104, two similar bar 
magnets and determine which are their N-seeking poles. Now 
leaving one of them sospcncIeJ, bring siicceaaiFcly to iis N-seeking 
pole the poles of the other magnet. In like manner, present them 
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to the S-8eeking pole. The results obtained are eonvoniently 
expressed in the followiug law : 

lAke poles repel each other, and unlike poles attract. 

246. Compound Maenet. — Eip. — Dip one pole of a bar 
magnet into a dish of small iron tacks and observe the quantity ad' 
hering on withdrawing it. Now slide the opposite pole of a second 
bar magnet over it, when most or all of the tacks will fall off, 
showing that the second magnet has nearly or wholly neutralized the 
attractive power of the first one. Repeat the experiment with the 
two magneta placed side by side, like poles adjacent. The numl 
of tacks lifted will be considerably greater. 

Two Of more magnets so grouped as to make their like 
poles coincident form a Compound Magnet. 

246. A Magnetic Substance ia one which is attracted 
by a magnet or is capable of being magnetized. Faraday 
proved that almost all substances are influenced by 
powerful magnets. Ordinary magnets, however, affect 
noticeably but few substances besides the compounds of 
iron. Cobalt, nickel, and liquid oxygen are about the only 
ones worthy of mention. Steel is said to lose its magnetic 
qualities when alloyed with 20 per cent, of manganese. 
Some substances, like bismuth and antimony, are slightly 
repelled by strong magnets, and are called Diamagnetic. 

247. Magnetic Transparency. — Bip. — Cover the pole of 
a strong bar magnet with a thin plate of glass. Bring the face of 
the plate opposite the pole in contact with a pile of iron taeks. A 
number will be found to adhere, showing that the nlti-action takes 
place through glass. In like manner, try thin plates of mica, wood, 
paper, zine, copper, and iron. No perceptible difference will be 
seen except in the case of the ii^on, where the number of tacks lifted 
will be considerably less. 

Magnetic force acts tlirough all substances, except 
those which are classed as Magnetic, Soft iron serves as a 
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screen to magnetism, more or less completely, depending 
on the mass used and the power of the magnet. Watches 
are now protected from magnetism by using an inside ease 
of soft iron. 



249. Induced Magmetdem. — Eip — Huld one end of a 

short i»(l of soft iron near one pole of a strong bar magnet, and while 
in this position dip the other end into iron filings. They adhere to it 
iis to a magoet, but fall off on removing the magnet. 

Magnetism produced in magnetic subsiancea by the 
influence of a magnet is said to be Induced. 

249. Polarity of the Iron Bar. — Bip — Support a strong 
horseshoe magnet in a vertical plane, with its poles 
apperniost, and the line joining them horizontal 
(Fig. 108). Suspend b}- a thread a short rod of 
soft iK>n so that it hangs horizontally above and 
nfear the poles of the magnet. Now bring near one 
end of this rod a bar magnet, so that its pole is 
opposite in name to that of the veilical magnet. 
The repulsion of the rod indicates that its polarity 
is the same as that of the 
bar magnet, and hence the 
reverse of that of the horse- 
shoe magnet. 

Hence, it appears that 
when a magnet ib 
bronght near a piece of iron it magnetizes 
it, and that the attraction exiiibited is that 
between unlike poles. The inductive action 
can take place through a series of iron rods, 
a phenomenon seen in the attraction of a Fig-'os- 
bunch of filings or tacks. 

260. Inductive Action of Magnets on Magmets. — 
Szp. ~- Support a bar magnet in a horizontal position and hold up U. 
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one pole a quantity of iron tacks, Doting how many adhere. Place 
a second magnet beneath this one, so that opposite poltis are adjacent 
and nboat six or seven centimetriis apart. Again test the upper 
magnet with the tacks. Its power will be greatly increased. Now 
reverse the position of the lower magnet, placing like poles adjacent; 
the power will be lessened. 

In the firat case, the S-eeeking pole of the second 
magnet induced a stronger N-seeking jtole in first one, 
as shown by the increased number of tacks lifted. In the 
eecond case, the effect was the reverse. 



n. NATtTRE OF HAONETISM. 

S61. Macrnetiam a Molecular Phenomenon. — Exp. — 
Magnetize a darning-needle, then heat it red hot and test it for 
magnetism. It will be found to have lost the power of attracting 
filings. 

Sxp. — Magnetize a knitting-needle and find by averaging several 
trials how many tacks can be lifted by it. Now hold one end firmly 
against ihe edge of the table and, by plucking the free end, cause 
the neeiile to vibrate vigorously for a few seconds. On testing the 
power of the mag^net to pick up tacks it will be found considerably 
lessened. 

Eip. — Take a piece of ii-on wire, about 30 cm. long and 1.5 mm. 
diameter, and carefully anneal it. Bend it to the form shown i 



Fig, 109. Stroke it carefully 
sevei'al times with a strong 
magnet. It will be a magnet. 
(How shown ?) Now hold it 
by the tumed-up ends and 

^ve the wire a sudden twist. On retesting it nearly all magnetism 

will be gone. 

In each of the preceding experiments the molecular 
arrangement has been dii^turbed ; and it is interesting to 
note that in each the magnetism also has been disturbed. 
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The conclusion is that, whatever magnetism ia eventually 
proved to be, it will in some way be connected with the 
molecular arrangement of the substance, 

252. Further Evidence. — Exp. — Magnetize a knitting- 
Deedle ; notice that it has two polea, .one at each end, the centre 
being neutral. Break it at the neutral point; the pieces will be 
found to liave two poles, two new ones having been formed at the 
point tha,t was formerly neutral. If these pieces be in turn broken, 
their parts will be magnets similar in character to the original. 

Theie seems to be no limit to the extent to which this 
process may be carried, indicating that possibly if carried 
as far as the molecules, they may prove to be magnets. 

Ezp. — Fill a slender glass tube nearly full of sl«el filings, closing 
the ends with cork. Stroke the tube from end to end with a strong 
magnet; it acquires magnetic properties. Shake up the filings 
thoroughly; all polarity is lost. 

An examination of each steel particle will show that it 
is a magnet. The loss of polarity is evidently due to the 
neutralization of the actions of many little magnets 
through their indiscriminate arrangement. The polarity 
would undoubtedly be restored if the particles could be 
restored to their original positions. The experiment 
strongly suppoiis the theory that each particle of a mag- 
netic substance is a magnet. 

It is worthy of notice that magnetization is facilitated 
by jarring the substance, or by heating it and then cooling 
it while under the magnetizing influence. 

253. Coercive Force. — Exp. — Prepare three bars of the 
same size, one each of soft iron, soft steel, and hard sleel. Succes- 
sively dip one end of each into iron filings, and bring .1 strong magnet 
in contact with the other end. On withdrawal the greatest quantity 
of filings will adhere to the soft iron and the least to the hard steel. 
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On removing the magnet most of the Slinga drop from the iron, and 
the hard sleel holds the most. 

The difference exhibited by these substances is due to 
what is called the Coercive Force, or the ability to retain 



254. The Physical Theory of Magnetisin. — The fore- 
going experiments have suggested the following theory of 
magnetism : 



Each molecule of the magnetic substance is a magnet. 
In an unmagnetized bar the arrangement is such that ex- 
ternally the polarity of the different molecules is neutral- 
ized. These molecules resist displacement from their 
normal positions. A rearrangement is, however, more 
or less completely accomplished when the substance is 
brought under the influence of a magnet. When all the 
molecules have their like poles pointing the same way the 
bar is magnetized to satuiation. 
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m. THE MAGNETIC FIELD. 
256. A Magnetic Field is the space surrounding a mag- 
net within which magnetic substances are influenced. 
Faraday's method of studying the distribution of magnetism 
in such a field is illustrated in the following experiment : 

Flttce a she«t of paper ov glass over the magnet and then sift iron 
filings evenly over it from a muslin bag, tapping the paper gently to 
facilitate the movement of the filings. They arninge themseWes in 



curved lines, diverging from one pole of the magnet and meeting 
again at the opposite pole. 

These lines are called Lines of Force, or Lines of Mag- 
netic Induction. Each particle of iron on falling on the 
paper becomes a magnet through induction ; hence the 
lines mapped out by the filings are the lines along which 
magnetic induction takes place. Fig. 110 shows the lines 
of force in one of the planes which passes through the 
magnet. They are to he considered as extending outward 
from the N-seeking pole of the magnet, curving round 
through the air to the S-seeking pole, and completing the 
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circuit back through the magnet. Fig. Ill shows the 
field between the unlike poles of two magnets when near 
each other; Fig. 112 between the poles of a horseshoe 



magnet ; and Fig, 113 between the like poles of two bar 
magnets. In the last case the lines curve away from 
one another as if repelled. Lines of magnetic force are 



always to be regarded as possessing elasticity or resiliency, 
and to be under tension. They map out the lines of mag- 
netic strain in the ether of a magnetic field. When for 
any reason these lines are distorted, their resiliency always 
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causes them to tend to recover from the distortion or to 
react against it. Hence it is easy to see that Fig, 111 is a 
picture of the attraction exhibited by poles of unlike sign, 
while Fig. 113 ia one of repulsion between poles of the 
same sign. 

256. Direction of Lines of Force. — The direction 
of a line of force at any point is that of the rectilinear 
tangent to the curve at that point ; it is the same as 
that toward which a free N-seeking pole ia urged. If a 
magnetic needle, free to move about a vertical axis, is 
brought near the N-seeking pole of a magnet, as has been 
shown, its N-seeking pole ia repelled. Hence, if an ob- 
server stands with hia back to the N-seeking pole of a 
magnet, he ia looking in the direction of the lines of force 
which pass out from that pole. 

(Queries : What is the direction of the lines of force opposite the 
middle of a bar magnet P What is the direction of the lines of force 
between the poles of a horseshoe magnet?) 

257. Permeability. — Experiment shows that if a piece 
of iron is placed in a magnetic field, the lines of force are 
concentrated by it. This property possessed by iron of 
increasing the number of lines of force when placed in a 
magnetic field is known by the term Permeability. Iron 
offers superior facilities for the formation of lines of force, 
and this fact explains the action of magnetic screens (247). 
In the case of the watch shield, the lines of force pass 
through the iron and not across it, and the watch is thus 
protected from magnetism because the lines of force do 
not enter it. 
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17. TERRESTRIAL MAGNETISM. 
258. The Earth a Magnet. —Eip. —Place a long barmag- 
net on the table and suspend over it a magnetic needle mounted so 
as to turn readily about a horizontal axis. When over tlie N-seoking 
pole, the needle will he vertical, with ita S-seeking pole down ; when 
over the middle, it is horizontal ; and when over the S-aeeking pole, 
the needle is again vertical, but reversed in position. 

In like manner the earth acts toward such a needle when 
moved over its surface from pole to pole. At a point in 
Boothia Felis, west of Baffin's Bay, the needle is nearly 
vertical, with its N-seeking pole down; at points succes- 
sively farther south, it departs from a vertical, becoming 
horizontal near the earth's equator, and again gradually 
inclining toward the vertical, with its S-seeking pole down 
as it nears the south magnetic pole of the earth. If a bar 
magnet, about half the length of the earth's diameter, were 
thrust through the earth's centre, making an angle of about 
20° with its axis, it would account for many of the phe- 
nomena of terrestrial magnetism. 

259. Elarth's Induction. — Exp. — Procure a thoroughly 

annealed iron bar 75 cm. long, showing little or no polarity when 
tested with a magnetic needle while the bar is supported horizontally 
in an east-and-west line. Hold this bar in a meridian plane, but witli 
its north end dipping down aome 70° below the liorizontal. Tap the 
bar with a hammer and then teat for polarity. The lower end will 
be found strongly N-seeking, and the upper end S-seeking. If the 
bar is turned end for end, and again tapped with a hammer, the 
lower end again becomes N-seeking. 

The experiment illustrates the inductive action of the 
earth. If we examine any iron object which has remained 
undisturbed for some time, as the stove or the supporting 
columns of a building, we shall find that they are polarized 
similarly to the bar of the above experiment. The induc- 
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tive action of the earth undoubtedly accounts for the 
existence of natural magnets. 

260. Magnetio Dip. — Exp. — Thrust through a cork an 
Tinmagnetized knitting-oeeclle, and at right angles to this two short 
pi<!0«s (Fig. 114). Support the 
apparatus od the edges of two 
glass tumblci's, with the axis in 
an east-and-west line, and the 
needle adjusted so as to rest 
horizontally. Now magnetize 
the needle, being careful not to 
displace the cork. It will no 
longer assume a horizontal posi- 
tion, the N-seeking pole dipping 
down as ii it had become heavier. 

The angle made hy this needle with the horizontal plane 
ia called the IneUnation or Dip of the needle. A magnetic 
needle mounted so as to move 
freely in a vertical plane, and 
provided with a graduated arc 
for measuring the inclination is 
called a Dipping Needle (Fig. 
115). 

The magnetic poles of the 
earth are points where the dip 
is 90" ; the dip at the magnetic 
equator is 0°. Lines on the 
earth's surface, passing through 
points of equal dip, are called 
' Isodinio Lines ; they are irregu- 

lar in character, though resembling in some measure the 
parallels of latitude. 




231. Declination. 



- The magnetic poles do not agree 
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with the terrestrial poles, and consequently in most 
places the direction of the magnetic needle will not be 
that of the meridian of the place. The direction of 
the magnetic needle at any place is that of the magnetic 
meridian of that place. The Declination of the needle 
is the angle between the magnetic and the geographical 
meridian, 

262. The Line of no Declination passes through 
those places where the needle points true north. Such 
a line runs from the north magnetic pole (lat. 70° 5' N. 
and long. 96° 46' W.) across Hudson Bay and Lake Erie, 
enters Ohio near Cleveland, passes down across Virginia 
and North Carohna, and leaves the mainland near Cape 
Lookout, on its way to the south magnetic pole. The 
returning line through the eastern hemisphere is quite 
irregular in direction. At places east of this line the 
needle points west of north, and west of the line it points 
east of north. Lines passing through points of equal dec- 
lination are called Isogonie Lines. 

V. STATIC ELECTRICITY. 

263. Electrical Attraction, — Exp- — Cut a number of 
small balis out of the pith of common elder. Place tliem in a pile 
on the table and touch them with a rod of sealing-wax. Notice tliat 
the rad does not afiect the balls id the least. Now ruh the rod with 
dry flannel and again bring it up lo the pile of balls. Tljey will be 
alternately attracted and repelled. 

Rods of glass, shellac, sulphur, very dry wood, ebonite, 
etc., may be substituted for the sealing-wax, and a collec- 
tion of any light objects for the pith-balls. 

Bodies which exhibit the power of attracting light 
bodies after being rubbed are said to be Electrified. Elec- 
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trifieation may be brought about in a variety of ways, i 
will appear in the course of this chapter. 



264. Attraction Mutual. 

of about 2 cm. diameter and 40 c 
nora by fusion in the flame of a 
blow-pipe. Electrify the tube by 
friction with a piece of silk, aad 
hold it near the end of a long 
wooden rod resting in a wire 
stirrup suspended by a silk 
thread (Fig. 116). The sus- 
pended rod la attracted. Now, 
replace the roil by the electrified 
tube. On holding the rod near 
the rubbed end of the glass tube, 
the latter moves as if attract«d 
by the former. 

The experiment teaches 
that each body attracta the 
other ; that is, that the action i 



Hrp. — Prepare a glass tube 
. long. Remove all sharp cor- 



266. Electrical Repulsion. — Exp. — Suspend several pith- 
balls by fine linen threads from a glass rod, and touch them with 
an electrified glass tube (Fig. 117). 
At first they are attracted, but soon fly 
away from the tube and from one an- 
other. On removing the tube the balls 
no longer hang side by side, but keep 
apart for some little time. If we bring 
the hand near the balls they will move 
towai'd it as if atti'acted, showing that 
the balls are electrified. 

It thus appears that bodies be- 

M come electrified by coming in 

contact with electrified bodies, 
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and also that electrification may manifest itself by repul- 
sion as well as by attraction. 

266. Two Kinds of Electriflcatiou. — Bxp.~Rub a glass 
tube wilh silk and suspend it as in Fig. 116. Excite a second glass 
tube and hold it near one end of the suspended one. The suspended 
tube is repelled. Bring near the suspended tube a rod of sealing- 
wax excited by friction with flannel. The suspended tube is now 
attracted. Repeat these tesU with an electrified rod of sealing-wax 
ID the stirrup instead of the glass tube. The electrified sealing-wax 
will repel the electrified sealing-wax, but there will be attraction 
between the sealing-wax and the glass tube. 

The experiment indicates that there are two kinds of elec- 
trification: one developed by rubbing glass with silk, and 
the other by rubbing seal- 
ing-wax with flannel. In the 
former case the body is said 
to be positively electrified ; in 
the latter ease negatively elec- 
triiied. 

267. Action of Blectrifled 
Bodies toward Each Other. 
— It was seen in the last 
experiment that there was 
repulsion between theelectri- 
iied glass tubes, and that the 
electrified sealing-wax at- 
tracted the electrified glass. 
These facts are expressed by 
Rg.iie. the following law: 

Electrical charges of like sign repel each other ; electrical 
charges of unlike sign attract. 
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268. The Electroscope, as the name implies, is an in- 
strument for detecting electrical charges. The most com- 
mon form is the Q-old-leaf Electroscope. It consists of a 
glass flask, through the cork of which passes a bi'ass rod 
terminating in a ball or disk (Fig. 118) on the , outside, 
and two strips of thin metal foil, preferably aluminium, on 
the inside, hanging parallel and close together. If an 
electrified object is brought in contact with the rod, the 
metal strips become similarly charged, and hence are 
mutually repelled, 

269. Use of the ElectroBcope. — In order to deter- 
mine the kind of electricity with which a body is charged, 
transfer some of the charge 
to the ball of the electro- 
scope by means of a Proof- ' ■ — ^^ 
plane (Fig. 119), which is rj ue. 
usually a small metal disk 
cemented to the end of a glass, ebonite or shellac rod. To 
charge the electroscope, slide the metal disk of the proof- 
plane along the surface to be tested, and then touch it to 
the knob of the electroscope. Now excite a dry glass tube 
by friction with silk. Charge the proof-plane from the tube, 
and then, without delay, transfer this charge to the elec- 
troscope. If the leaves diverge farther, the body in ques- 
tion was positively charged ; if the leaves collapse, its 
charge was probably negative. Since the leaves would 
collapse if the proof-plane were either neutral or less highly 
charged with the same kind of electricity, an increased 
divergence of the leaves is the only sure test. Hence, 
whenever the leaves collapse, repeat the test, using a rod 
of sealing-wax and a rubber of flannel in place of the silk 
and the glass tube. 
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270. Simultaneous Development of the two Elec- 
tricities. — Bxp. — Fit to the end of ft rud of sealing-wax a cap of 
flannel, three or four inches long, with & silk 
cord attached to the end by which it can be 
drawn off (Fig. 120). Electrify the rod by 
I turning it uround inside of the eap, and then 
touch it to the knob of t\\e electroscope. No 
divergence will be observed. By the aid of 
I tile cord remove the flannel cap, and present it 
to the positively charged electroscope. The 
increased divergence shows that the cap is 
positively charged. In like manner, if we 
test the rod of sealing-wax, it will be found 
to be negatively charged. 

The experiment shows (1) that one hind of electricity is 
not developed without a development of the other; and (2) 
that the two Mnd» of electricity are produced in equal 
quantities, as was shown by the fact that the quantity in 
the rubber exactly neutralized that on the rod when the 
two were in contact. The two charges behave like equal 
positive and negative quantities. 

271. Conduction. — Eip- — Support a smooth metallic button 
on a rod of sealing-wax. Connect it to the knob of the electroscope 
by a fine copper wire, 50 to lOfl cm. long. Touch the button with 
an electrified glass tube. The divergence of the leaves indicates 
that they are electrified. If we repeat the experiment, using a silk 
thread in place of the wire, no effect is produced on the leaves. 

The communication of electricity to a body through a 
second one is called Conduction^ the communicating body 
serving as a Conductor. As seen in the above experiment, 
bodies difEer widely in the readiness with which they con- 
duct electricity. Those offering very little resistance to 
its passage are called Good Conductors, those which offer 
nuch great resistance that practically no passage occurs 
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are called Nbn^OonduetorB, Imulators, or Dielectrics. Be- 
tween these two extremes we find a great many bodies 
varying in their conductivity, so that it is not possible 
to draw a sharp line between the two classes. The fol- 
lowing classification is only relative : 

Good Conductors: Metals and carbon. 

Semi-Conductors and Bad Insulators: Water, aqueous 
solutions, moist bodies, wood, cotton, hemp, liquid acids, 
rarefied gases. 

Good Insulators : Paraffin, turpentine, silk, sealing- 
wax, India-rubber, gutta-percha, dry glass, porcelain, mica, 
shellac, air at ordinary pressures, liquid oxygen. 

Conductivity in bodies is affected by temperature ; some 
insulators, like glass, become good conductors when 
heated. 

272. Probable Nature of Eleotrifloation. — It was 

suggested by Faraday, and a multitude of facts tend to 
confirm his views, that electrification is a strained con- 
dition of a body communicated to it by the ether which 
surrounds it and pervades it. Conductors differ from in- 
sulators in this : in tJie former, the molecular mobility is 
such that this state of strain is continually giving way, 
whereas in the latter considerable distortion is possible 
before the molecular structure yields to the strain. The 
phenomena of attraction and repulsion exhibited by elec- 
trified bodies are due to the attempt of the strained ether 
in and around the bodies to return to its normal condition. 
In producing electrification, work is done in distorting the 
medium ; hence electrification is a form of potential energy. 
Electricity, however, is not energy. 
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VI. nroncTioN. 



273. Electrification by Induction. — Bxp. — Excite a 

glass tube by friction with silk. Bring it gradually near tiie ball 
of the electroscope. The leaves begin to diverge when the tube is 
some distance from the knob, and the amount of divergence increases 
as the tube is brought nearer. On removing the rod the leaves 
collapse. 

It is evident, since the leaves do not remain apart, that 
there has been no transfer of electricity from the rod to 
the electroscope. The electrified condition, produced in 
the electroscope when the electrified body is brought near 
it, is due to what is called Electrostatic Induction. Why 
such an effect should occur is easily understood when we 
recall Faraday's views of electrification, that it is a distor- 
tion of the ether about the body. Evidently, then, any body 
placed within this Electrical Field should be electrified. 

374. Charging a Body by Induction. — Kip. — Support . 
a smooth metallic ball on a dry plate of glass. Connect it with the 
knob of the electroscope by means of a metallic wire, the ends of 
which are bent into a loop and smoothly soldered. The ball and the 
electroscope now form one continuous conductor. Bring near the 
ball an electrified glass tube ; the leaves of the electroscope diverge. 
Before removing the excited tube, remove the wire, handling it with 
some non-conductor. The electroscope remains charged. On test- 
ing it, it will be found to be positive. A similar test made of the 
ball will show that it is negatively charged. Repeat the experiment 
without removing the connecting wire. No signs of electrification - 
exist on removing the excited tube. 

Hence, we learn two things : (1) When an electrified 
body is brought near an object it induces the opposite kind of 
electricity on the side next it and the same kind on the remote 
side ; (2) the two kinds of electricity are developed in equal 
quantities. 
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276. Attraction explained. — Since an electrified body 
induces the opposite kind of electricity on the near side of 
a neighboring object, an attraction will, in consequence, 
exist between them. If the neighboring object were a 
non-conductor, the electrical separation would be pre- 
vented, and no attraction would take place. This may be 
proved by suspending a small ball of sealing-wax by a silk 
thread and bringing near it an electrified glass tube. 

276. Charginer an Electroscope by Induction. — Ezp.- 
Hold one finger on the ball of the electroscope and bring near it an 
electrified glass tube. Remove the finger before taking awaj the 
rod and the electroscope will be charged. Explain. What kind of 
electricity will then be in the electroscope P How can you modify 
the intensity of the charge P 

277. Inductive Capacity. — Bip.— Suspend an electrified 
brass ball above an electroscope, and distant far enough to pro- 
duce only a slight effect on the leaves. Take H cake of paraffin or 
sulphur whose thickness is a little less than the distance between the 
ball and the electroscope, pass a gas flame over its sui'face to re- 
move all traces of electriScation, and insert it between the ball and 
the electroscope knob, being careful not to touch either. The leaves 
of the electroscope will diverge further, as if the bail were brought 
nearer to tlie knob. 

The experiment shows that induction depends on the 
nature of the intervening jnedium. The property which 
bodies have of transmitting electrical induction is called 
Specific Inductive Capacity, and the bodies themselves are 
called Dielectrics. All non-conductors or insulators are 
dielectrics ; but equally good insulatoiB have different 
specific inductive capacities. 

Yn. ELECTRICAL DISTRIBUTION. 

278. EfTeot of Material.- Eip.-Rub one end of a glass 
tube with silk. On testing it electnficatioD will be found confined to 
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end of an insulated metallic conductor 
3. On testing it nil parts will be fouod 



the end rubbed. Touch on 
with an electriSed substani 
electrilied. 

Hence, it appears that the diatribittton of electricity over 
a surface is depejulent on the electri- 
cal conductivity of the material. 

279. The Charge on the Outside 
of a Oonduotor. — Eip- — Support a 
metallic cylindrical vessel of about one 
litre capacity on an insulated support 
(Fig. 121). One free fi-om sharp edges 
should be selected. Electrify strongly and 
test in succession both the inner and the 
outer surface, using a proof-plane to con- 
vey the charge to the electroscope. It 
will be found that the inner surface gives 
no sign of electrification.' 

Hence, it appears that the elec- ^ . 

trical charge of a conductor i» con- '^' ' 

fined to its outer surface. 

280. Effect of Shape. — hxp. 
— Charge electiically an insulated 
egg-shaped conductor (Fig. 122). 
Charge the proof- plane from it by 
placing it against the large end, 
and then convey the charge to the 
electroscope. Notice the amount 
of separation of the leaves. In like 
manner test the small end of the con- 
ductor. A greater divergence of the 
leaves will be observed in the latter 
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The distribution of the charge 
is, therefore, affected by the shape 
of the conductor, the electrical 

Hide of the vcMel neu the mcath. 
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density being greater the greater the curvature. By Elee- 
trical Den»ity is meant the quantity of electricity on unit 
area of the surface of the conductor. The last experi- 
ment shows that the electrical density is greatest at the 
small end of the conductor. 

281. Bffeot of Area< — Exp- — Employing an electroscope 
provided with a disk instead of a ball, place on it a cbiiin, and cbarge 
the electroscope by induction so that the leaves diverge widely. 
Now lift the chain by a dry glass rod, thereby increasing the sur- 
face. The leaves of the electroscope will slowly collapse. On 
lowering the chain they will again diverge. 

Hence, electrical density varies with the surface. 

282. Action of Points. — Bxp. — Cement a pin at the middle 
to the end of a glass tube. Chai'ge the electroscope and then place 
the head of the pin in contact with the knob. Observe that the 
electroscope is vapidly discharged. 

From this experiment it is apparent that a conductor 
provided with points cannot retain an electric charge. This 
conclusion might be drawn from Art, 280. If, by increas- 
ing the curvature of the end, the density of the charge 
becomes very great, the charge communicated to the adja- 
cent air-particles is also correspondingly great, thus facili- 
tating the discharge. These particles are charged with 
electricity of the same sign as the conductor and are re- 
pelled. Their places are then taken by other particles, 
which are in turn charged and repelled. The air current 
thus produced is called an Electric Wind. 

283. Applications. — - Since the charge is confined to 

the outer surface of a body, it follows that if a hollow 
conductor envelop the electroscope, the latter will not be 
affected by any charge on the envelope or by any charge 
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external to it. Such aa electric screen can be made out 
of fine wire-cloth. 

In placing the proof-plane on any conductor to test its 
electrical condition, care must be taken to lay it as flat as 
possible, in order that the electrical distribution on the 
conductor may not be disturbed by any change of shape 
due to tlie proof-plane. 

On account of the action of points, electrical apparatus 
should have the parts smoothly rounded and free from dust. 



1. Wli]- will not ati electrified body remain cliarged for an in- 
definite length of time ? 

2. If a positively charged body be suspended by a silk thread 
within a hollow insulated coaductor what will be the electrical con- 
dition of the inner surface? What will be the condition of the outer 
surface P 

3. Why must a metal rod be separated from the hand by some 
such substance as rubber in order to electrify it by friction. 

4. Why must all electrical appliances be kept free from moists 

5. Account fur the fact that bringing the point of an uninsulated 
needle near the knob of the electroscope discharges it. 

Vra. ELECTRICAL CAPACITY. 
284. Potential. — When an electrified body is brought 
in contact with an insulated conductor, an electric charge 
is given to the entire surface of the latter. Since electrifi- 
cation is energy in the potential form, the flow of elec- 
tricity from one body to another, or from one part of a 
conductor to another part, is determined by what is known 
as the relative Potential of the two bodies or parts of the 
same body. It is analogous to temperature. As heat 
flows from places of higher to places of lower temperature. 
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tending to equalize the difference of temperatures, so elec- 
tricity flows from bodies of higher potential to those of 
lower potential. The flow continues till an equalization 
of potential is reached. This flow is known as an Electric 
Current. 

The Difference of Potential between two conductors is 
the work required to transfer unit quantity of electricity 
from one conductor to the other. 

285. Zero Potential. — For purposes of comparison 

and measurement the potential of the earth is assumed to 
be zero. Although different parts of the earth's surface 
are not at the same potential or electrical level, yet the 
potential of the earth is a convenient standard of 
reference. A body positively charged is at a higher 
potential than the earth, and one charged negatively is at 
a lower potential. If a conductor of positive potential be 
connected to the earth by an electrical conductor, positive 
electricity will flow to the earth. If the conductor is at 
a negative potential, the flow is in the other direction, 

286. Difference of Potential made Visible. — Bip. — 

Charge an electroscope positively, pi-oducing a sma,ll separation of 
the leaves. In like manner charge a seconJ one, producing a wide 
separation of tlie leaves. The latter is charged to the higher potential. 
Connect the knobs bj a wire, handling it by means of a non-con- 
ductor. The divergence of tlie first electroscope increases and the 
second one decreases, showing that electricity flows from the place 
of higher potential to that of lower. 

287. The Electric Spark. — Sip- — Turn the hwidle of an 
electrical machine (29S) a few times, and bold the knuckle near the 
metallic conductor. A bright spark will pass between them. Ob- 
serve that a longer spark can be got by giving the machine several 
turns before bi-iiiging the hand near the conductor. 
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The spark is produced because the difference of 

potential, or the electric strain, is so great that the re- 
sisting air gives way, and a transfer of electricity takes 
place between the machine and the hand. The potential 
energy of the electric chai-ge is converted into heat. 

288, Electrical Capacity. — Exp, — Suspend a small, 
smooth metallic bill by a silk thread. Charge the gold-leaf olec- 
tTOScope till the leai'es diverge widely. Bring the amall ball in 
contact with the knob of the electroscope ; the leaves will partially 
collapse, showing that the potential has been lowered. 

The Electrical Capacity of a conductor means the 
quantity of electricity necessary to raise it from zero to 
unit potential. The above experiment sliows that it is 
dependevt upon the surface of the conductor. 

'" 289. GondenBcrs are devices for 

holding large quantities of electricity. 
They increase the electrical density with- 
out increase of potential. Two conduc- 
tors separated by a dielectric constitute 
a condenser. 

290. The Leyden Jar is the most 

common and convenient form of con- 
denser. It consists of a glass jar coated 
part way up, on both the inside and 
the outside, with tin-foil (Fig. 123). 
Fig, 123. Through the wooden or ebonite stopper 

passes a brass rod, terminating on the 
outside in a ball or disk and communicating with the 
inner surface of the jar by a metallic chain. The inner 
foil represents the collecting surface, and the glass the 
dielectric separating the two conductors. 
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291. Ohargin? and Discharging Jars. — To charge a 
Leyden jar connect the outer surface with the earth, 
either by a metallic con- 
ductor or by holding the 
jar in the hand. Place 
the ball in contact with 
the source of electricity, 
as, for example, the con- 
ductor of an electrical 
machine. To discharge 
a Leyden jar bend a wire 
into the form of the letter 
V. With one end of the 
wire touching the outer surface of the jar (Fig. 124), 
bring the other around till it touches the ball, and the 
discharge will take place. 

292. Action of Jar explained. — When a charge of 
positive electricity is communicated to the inner surface 
it acts inductively through the glass, making the outer sur- 
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face negative. These two charges act inductively on each 
other through the glass and are said to be " bound," in 
distinction from that condition where a conductor is 
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charged with electricity and is at some distance from any 
conductor, in which case the whole charge is " free." If 
the outer surface of the jar is connected with the earth, 
the electrical capacity of the jar is lai-gely increased. 

293. Seat of Charge. — Em.— Charge a Lejden jar made 
with movable metallic coatings (Fig. 125). Lift out the inner coat- 
ing D by means oi a glass tube. Then rfimoTe the outer coating 
C irora the glaas vessel B. The coatings exhibit no sign of 
electrification. Bring the glass vessel near a pile of pith balls; they 
will be attracted to it, showing that the glass is electrified. Now 
build up the jar by putting tlie parts togethei' ; the Jar will still be 
found to be highly electrified and may be discharged in the usual 

This experiment, due to Franklin, shows that the elec- 
trification is a phenomenon of the glass. Faraday proved 
that during the act of charging the jar the glass is strained, 
the office of the conductors being to facilitate the release 
from strain. This is supported by the facts that thin jars 
can be broken by 
over-charging; that a 
jar enlarges on chain- 
ing; that on heating 
a jar its charge dis- 
appears; and that on 
chai^ng a jar heavily 
, and then discharging 

in the usual way a 
second charge accu- 
Fig.129. mulates after a few 

minutes, the time 
being lessened by tapping the jar, as if the glass were 
strained or distorted to so great a degree that, like a 
twisted glass fibre, it does not return at once to its uor- 
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mal stnte when released. This second charge is called 
the Residual Charge. 

294. Battery of Leyden 3ax6. — Since the capacity of 
a condenser is proportional to its surface, it follows thai a 
greater quantity of electricity can be stored by connecting 
together the inner surfaces of two or more Leyden jars by 
conductors, and at the same time joining their outer sur- 
faces. Fig. 126 illustrates such a battery. 



1. Stand a charged Leyden jar on "8 cake of paraffin. Touch the 
ball ; it is not discharged. Why P 

3. Connect the inner surface of an unchai'gett Leyden jar to an 
electroscope, and insulate the outer surface from the earth. Notice 
that a very small quantity of electricily causes a violent separation 
of the leaves. Discharge and connect the outer coating to the earth. 
A much gieater quantity is needed to affect the electroscope to the 
same extent as before. Explain. 

3. If a fine wire two or three feet long connect the knob of the 
electroscope to a proof-plane, and the proof-plane be placed in con- 
tact with different paits of the egg-shaped conductor (Fig. 122) when 
charged, no difference in the divergence of the leaves will be noticed. 
Explain. Now remove the wire, discharge the electroscope, then 
test different parts of the egg-shaped conductor, and explain why one 
proof-plane charge from the point affects the electroscope more than 
one charge from any other part. How do you reconcile this result 
with the first one P 



IX. ELECTRICAL MACHINES. 
295. The Electrical Machine. — The quantity of elec- 
tricity which can be obtained by rubbing a glass tube or a 
rod of sealing-wax is very small. When larger quantities 
are needed, larger surfaces must be used and some more 
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convenient method must be devised to excite them. The 
Electrical Machine is such a device. It consists essentially 
of two parts, one for producing, the other for collecting, 
the electricity. 

296. The Electrophorus, invented by Volta in 1775, 

consists of a bed of resinous 
material, or a disk of vulcan- 
ite, resting on a metallic plate 
(Fig. 127), and a metallic 
disk provided with an insu- 
lating handle. 

To use the instrument, rub 

the bed with a warm woollen 

cloth or strike with a cat's 

skin. Rest the metallic disk 

Fig. 127. upon it and touch the upper 

surface momentarily with the 

finger. Lift the disk by the insulating handle; it will be 

found highly electrified. On discharging it, it may be 

recharged many times before the bed loses any perceptible 

portion of its charge. 

297. Explanation. — If the bed be tested, it will be 
found to be negatively charged. Since its surface is 
uneven and the material is non-conducting, the metallic 
disk touches it at only a few points, so that scarcely any of 
the electricity passes from the bed to the disk, unless 
they are left in contact for a long time. The two disks, 
with a very thin layer of air between, form a condenser of 
great capacity. The electrified bed, acting by induction 
on the disk, develops positive electricity on the lower side 
and negative on the upper. The negative is removed on 
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touching the disk with the finger, leaving it positively 
charged. On raising the disk, the charge, being no longer 
" bound " by that of the bed, distributes itself over the 
surface. 

298. The Holtz Machine is a representative of a class 
of machines depending on the employment of a small 



initial charge which acts inductively ou the conductors of 
the machine, producing other charges which are conveyed 
by the moving parts to other points, there to increase the 
initial charge or electrify a suitable conductor. In its 
latest form, it consists of two vertical plates, A and B 
(Fig, 128), placed about half an inch apart, the former 
stationary, and the latter arranged to rotate on an in- 
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Bulated axis. The stationary plate is usually about two 
inches greater iu diarneter than the other, and has two 
openings, P and P", called Windows, cut at opposite points 
on a nearly horizontal diameter. Two varnished pieces of 
paper, / and /', called ArmatureB, are cemented to the 
plate, one above the left-band window, and the other below 
the right. That portion of the paper armatures next to 
the windows is usually of gilt paper, and cut with teeth 
projecting part way into the openings. On the front side 
of the moving plate, and opposite the sei'rated edges of 
the armatures, are insulated conductors with sharp points 
nearly touching the plate. These conductors are called 
Combs. At right angles to these are two brass rods con- 
necting them with two large brass balls, through which 
slide two rods, terminating in the balls m and n, which 
form the positive and negative conductors of the machine, 
as well as a discharging apparatus. Also on the front of 
the moving plate is a diagonal conductor I>, the inner 
faces of the parts extending over the paper armatures 
being furnished with sharp points. The inner surfaces of 
small Leyden jars, J" and ■!', are connected to the system 
of conductors to increase their capacity. 

To work the machine, place m and n in contact, and 
charge one of the armatures, using a Leyden jar or elec- 
trophorus for the purpose. Rotate the plate steadily and 
rapidly, the direction of motion being toward the teeth on 
the armature. After a few turns, slowly separate m and n j 
a shower of bright sparks will pass between them and 
greater effort will be necessary to drive the maohine. 

299. The Action of the Machine is in general as fol- 
lows; Suppose m and n in contact and/' positively charged. 
This armature acting on the conductor opposite induces 
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negative electricity on the comb and positive electricity at 
the other end of this conductor, which is the comb oppo- 
site/. The effect of the points is to discharge these elec- 
tricities upon the revolving plate, to be carried along by 
it, making the lower part negative and the upper part 
positive. The positive charge of the comb opposite/acts 



Fig. 129. 

inductively on / and induces a negative charge on it. The 
charges of the revolving plate act on the stationary plate 
through the air, and are in a measure "bound" except in 
those parts opposite the windows, where they are " free " 
and charge the armatures to higher potential. On sepa- 
rating m and n the conductor is broken, and if /and/' are 
not of sufficient difference of potential to act inductively 
on this parted conductor and effect a dischai^e across the 
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break, the aetion of the machine will cease and the chaises 
of /and/' will be dissipated through the air. To remedy 
this is the office of the conductor D. The positive charge 
of /', acting inductively on its lower end, draws negative 
electricity upon the plate, and in like manner/ draws posi- 



tive electricity upon the upper part of the plate. These 
charges go to build up / and /'. Hence, when the action 
through the horizontal conductois ceases, owing to the 
separation of m and n, the increase of the difference of 
potential between/and/' still goes on through the agency 
of D, to be aided, of course, by each discharge between m 
and n. 

Di^ilizDdbyCoO^lt: 



MAGNETISM AND ELECTRICITY. 195 

300. The Vosa Machine (Fig. 129) differs from the 
Holtz machine in that the windows are omitted, and 
metallic buttons D are cemented to the front of the re- 
volving plate, over which sweep small tinsel brushes B, B, 
which are electrically connected with the armatures on 
the stationary plate. These brushes becoming electrified 
through friction, and being connected with the armatures, 
set lip a difference of potential between them for some un- 
known reason, this difference being afterwards increased 
as explained in the Holtz machine. 

301. The "Wimshurst Machine (Fig. 130) consists of 
two varnished glass plates revolving in opposite directions. 
On the outside of these plates strips of tin-foil are ce- 
mented radially. Two conductors at right angles to 
each other extend obliquely across the plates, one at the 
front and the other at the back. These conductors ter- 
minate in brushes of tinsel, which, as the plates revolve, 
electrically excite the strips. The discharging part of the 
machine is in connection with two insulated conductors, 
provided with combs and connected to small Leyden jars. 
The distance between the balls can be regulated by means 
of insulated handles, connected to the discharging appara- 
tus. This machine is superior to the Holtz and the Voss 
because it is less affected by moisture and does not reverse 
its polarity when in action. 



X. EXPERIMENTS WITH ELECTRICAL MACHINES. 

302. Attraction and Bepulsion. — Exp. — Charge the eleo- 
trophorus as directed. Before lit'tiiig the plate, place a haiidf uJ of 
small bits of paper on it. Account for their flying off on raising the 
plate. 
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Bzp. — Support a metallic plate on a block of wood ; on it place 
the blaiJder-gtaas (131), and resting on this glass a second metallic 
plate. Connect the bottom plate to one conductor of the Holfz 
machine and the top one to the other. In the glass vessel put a 
handful of pith balls. Work the machine and account for the 
dancing of the pith balls. 

Exp. — Fill a small glass funnel, having an apeitui-e of about 
one-eighth of an inch, with fine dry sand. Support the apparatus in 
some suitable way. Notice that the sand runs out in a smooth fine 
stream. Pass one end of a wire into the sand in the funnel, and 
connect the other end with one of the conductors of an electrical 
machine. Set the machine in action, and observe how the sand of 
the escaping stream scatters. Explain. 



303. Lichtenberg'a Figures, — Bip. — Charge a Leyden 



jar positively, and with 




knob trace a small ciii;le on the electro- 
phorus bed. Charge a second Ley- 
den jar negatively, and with its 
knob trace a cross within the cir- 
cle. Thfough a mualin bag shake a f 
mixture of sulphur and red-lead 
from a height of several inches upon 
the figure. The i-ed-lead will 
accumulate around the cross and 
the sulphur around the circle (Fig. 
131). What must have been the 
electrical condition of the sulphur 
and of the red-lead ? How did they 
become electrified ? 



304. Action of Points. — ^xp — Suspend two pith-halls 
side by side from one of the conductors of an electrical machine. 
On working the machine, the balls separate widely. Why? Now 
hold the point of a needle near the conductor; the balls drop, show- 
ing that Ihe conductor is discharged. Explain. 

Eip. —Fasten a short, jjointed wire to one of the conductors of an 
electrical machine, so that the point projects. Try to charge the 
machuie. Account for the failure to obtain sparks between the 



DiqilizDdbyCoOgIt: 



MAGNETISM AND BLECTBICITY. 



conductoi-s. Hold the flame of a. candle near the point. It ia driven 
away as by a wind. Account for this air-current. 

Exp. — Connect an Eleelria Whirl (Fig. 
132) to one of the conductors of an elec- 
trical machine. Notice the Hhape of ita 
arms. Work the machine; the whirl rotates ^ 
rapidly. Why ? 

305. Mechanical Effects of Dia- 
chargre. — Exp. — Uetween the discharging 
conductors of an active electrical machine, 
hold a piece of cardboard. It is perfo- 
rated by the passing spark. A thin dry 
plate of glass may be perforated in 1 
charge. 




306. Heating Bflfects. —Exp.— ChargeaLeyden jar. Con- 
nect its outer surface to a gas-burner by a chain or wire. Turn on 
the gaa and bring the ball of the Leyden jar near enough to the 
mouth of the burner for a spark to pass. The gas will be lighted by 
the discharge. Explain. 



Bip. — Fire ether in an iron spoon by proceeding as in the laat 
experiment. 

Bip. — Make a torpedo as follows: Fit corks to tlie ends of a 
paper tube, about 5 cm. long and 2 cm. diameter. Through one of 
them thrust two pieces of copper wire, the ends within the tube not 
quite touching. Fill the tube with iine gunpowder, close it, and place 
at a safe distance. Discharge a heavily-charged Leyden jar through 
it, using long wires for connections. Account for tJie result. 



307. — Many interesting experiments illustrating other 
eftecta of the discharge or electric current are possible, 
such as those showing chemical, ra^netic, physiological, 
or luminous effects. These will be given in a subsequent 
part of this chapter. 
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XI. ATMOSPHERIC ELECTRICITY. 

308. Ligbtniner. — It was demonstrated by Franklin 
in 1752 that lightning is identical with the electric spark. 
He sent up a kite during a passing storm, and found that 
as soon as the string became wet long sparks could be 
drawn from a key attached to the string, Leyden jars 
could be charged, and all the effects produced that char- 
acterize electricity. Lightning is but an electric discharge 
between two clouds, or between a cloud and the earth. 

309. Kinds of LightniniT. — Three kinds of discharge 
are recognized: 

1. Chain-Lightning, when the path of the discharge is 
a zigzag, often consisting of several parts, and branching 
out in a very erratic fashion. The form is due, perhaps, in 
part, to the uneven conductivity of the air through which 
the discharge takes place, the line of least resistance having 
the irregular form marked out by the discharge. 

2. Sheet-IAghtning, when the reflection of the flash 
from the clouds is seen. It is often observed near the 
horizon during the hot weather of summer, and hence has 
been called Heat-Lightning. 

3. Globular- Lightning, when balls of fire are seen to 
move slowly along and finally explode with great 
violence. This form is very rare, and no satisfactory 
explanation of it has ever been offered. 

310. Thunder is the sound which follows a flash of 
lightning. The air is heated along the line of discharge 
producing sudden expansion and compression. This is 
followed by a violent rush of the air into the partial 
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vacuum produced. When the -path of the lightning is 
short and straight, there is a sharp " clap " like an explo- 
sion; when long and zigzag, there is tlie well-known 
" rattle." The rumbling or rolling sound is due to echoes, 
the reflections of the sound by the clouds and other objects. 

311, The Lightning-Bod is a metallic conductor placed 
on buildings to shield them from the effects of a discharge 
from the cloud. To be effective it should fulfil the fol- 
lowing conditions : 

1. The upper end should have several branches termi- 
nating in sharp points, and elevated above the highest 
part of the building, ^ 

2. The lower end should pass down into the earth till 
it meets with a good conducting stratum, and be deep 
enough to avoid damage to foundations aud gas and water 
mains. 

3. The conductor should be perfectly continuous, and 
of sufficient size to resist the heating effect of any dis- 
charge through it. Recent experiments show that iron is 
as suitable as copper for the purpose, and that the con- 
ductor should be either a flat strip or a bundle of wires 
with the several strands somewhat sepai'aled. 

4. All metallic parts of the roof should be connected 
with the main conductor, and no insulators should be 
employed in securing the conductor in position. Maxwell 
suggested that a building should be covered with a net- 
work of wires, so that the building would form, as it 
were, the interior of a conductor (279). 

312. Theory of the Bod. —If a highly electrified cloud 
is over any portion of the earth's surface, it charges all 
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objects below it by induction with the opposite electricity. 
If these objects are armed with points, this electricity 
escapes from them, neutralizing that of the cloud. If the 
neutralizing action takes place too slowly to keep dowii 
the rapidly rising potential and prevent the disruptive 
discharge, the rod should offer the line of least resistance 
and protect the building. But it is now known that 
the discharge does not always follow the path of least 
resistance. In such cases the rod may not insure protec- 
tion. Its protective agency is probable, however, if not 
absolute. In any case, the area protected by a single point 
is very limited ; a building should therefore be provided 
with many points placed at angles and projecting corners. 

313. The Aurora is a luminous phenomenon which 
occurs in the regions of the poles. That seen in northern 
latitudes is called the Aurora Borealis, or Northern Lights; 
that in southern, the Aurora Australis, or Southern Lights. 
The aurora is probably due to electric discharges through 
the higher and thinner portions of the atmosphere, the 
cold air of the poles differing in potential from the warmer 
and moister air coming up from the tropical regions. 



Xn. CURRENT ELECTRiaTY. 
314. The Electric Current. — When an electrified body 
is discharged through a conductor, there is produced in 
it an electrical state called the Electric Current (284). 
Electrification is probably a state of strain (272) ; the 
electric current rapidly transfers this strain through the 
discharging conductor. If this strained condition is re- 
produced by the generator as fast as it is relieved by the 
conductor, the result is a continuous current. The d 
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thus far considered are not well adapted to maintain the 
condition described by the expression " difference of 
potential;" moreover, the electrical capacity of bodies is 
so small that the currents obtained are insignificant com- 
pared with those produced by the voltaic battery. 

315. The Simple Voltaic Cell, — Oip. — Cut a strip of 
heavy sheet zinc and one of sheet copper, each about 10 cm. long 
and 3 cm, wide. Scour the zinc with emery paper till it is bright. 
Support these strips side by side in a glass tumbler two-thirds full 
of dilute sulphui'ic acid (one part acid to twenty of water). On 
touching tlie strips together, a shower of bubbles at gas will rise 
from the copper strip, and some also from the zinc. This gas can be 
shown to be hydrogen. Remove either strip, or do not allow them 
to touch, and the chemical action is uiuch diminished. If a little 
mercury be now rubbed on the zinc strip, no gas will be given off by 
it; but if the upper ends of the two strips be connected by any of 
the substances in the list of good conductors (371), gas will again 
come off freely from the copper. This action will cease if the con- 
nection be made by any of the list of non-condtietors. If the action 
is continued for some time, the zinc will be found to waste away, 
while the copper is unaffected. 

Such a combination of two metala, immersed in a liquid 
which acta chemically on one of them, when they are con- 
nected by a conductor, constitutes what is known as a 
Voltaie Cell or Mement. The name is derived from an 
Italian physicist, Volta, who first described such a cell in 
1800. On applying the proper tests it is found that an 
eleCtiic current flows through the conductor from the 
copper plate to the zinc during the continuance of the 
chemical action. 

316. Chemical Action in th© Voltaic Cell, — Each 
molecule of sulphuric aeid consists of seven atoms, of 
which two are hydrogen (.flj), one sulphur (iS), and four 
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oxygen (<3,). When amalgamated zinc is placed in the 
dilute acid under the conditions in the last article, the fol- 
lowing chemical action takes place : 

Zn + 5, SO^ = Zn SO^ + H^. 

Zinc- and »ylphurii: acid produce zinc sulphate and hydrogen. 

Tiiis action takes place at the surface of the zinc, but 
the hydrogen appears at tiie surface of the copper. The 
hydrogen is thus ti'ansferred through the liquid, not as 
free hydrogen gas, but by a succession of intermolecular 
exchanges, taking place when the two plates are electri- 
cally connected and a current of electricity is flowing 
through the circuit, from the copper to the zinc outside 
of the cell, and from the zinc plate to the copper through 
the liquid of the cell. 

The hydrogen is thus transferi'ed through the cell in the 
direction in which the current is flowing, while the re- 
mainder (.SO,') of each sulphuric acid molecule is trans- 
ferred the other way. The action may then be represented 
as follows : 

" ff,sdt 

The arrow shows the direction of the current through 
the liquid, and the braces show the chemical connections 
to be made by the first step in the transfer. After this 
first step the chain of molecules becomes 

ZnSO^ i II, SO, I R,SO, | ff^-Ou. 
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It will thus be seen that zinc sulphate has been formed 
at tlie zinc plate, sulphuric acid has disappeared, and 
hydrogen gas has been set free at the copper plate. This 



process is repeated indefinitely as long as the current con- 
tinues to flow. It is known as the theory of Grotthus. 



317. Detection of Current. — Bxp- — Solder a copper wire 

o each of the strips of the voltaic cell (315). Stretch a portion of 

he wire over a mounted mngnetic needle (Fig. 133), holding it par- 

illel to it and as near as possible without touching. Now bilng the 

free ends ot the wires together and 

observe that the needle is deflected, 

and after a few oscillations comes 

to rest at an angle with the wire. 

Next form a reetangular loop of the 

wire, and pla*ie the needle within it 

(Fig, 134). A greater deflection is 

now obtained. If a loop ot several 

turns ia formed, the deflection is sdll 

^'' "*■ greater. 

Tjiis experiment, first performed by Oersted in 1819, 
shows that the region round the wire haa magnetic prop- 
erties during the flow of electricity through it. The 
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magnetic needle employed in this way becomes a Galvan- 

oseope, a detector of electric currents. 

318. Current-Direction Detected. — Exp. — Using the 
apparatus of Art. 817, eompai-e the direction of the current through 
the wire with that in which the N-seeking pole of the needle turns. 
Cause the current to pass in the reveTse direction over the needle ; 
the deflection is reversed. Now hold the wire below the needle, and 
the direction of deflection is again reversed. 

The direction of deflection may always be predicted by 
the following rule : Place the palm of the right hand next 
the wire, but on the side opposite the needle, go that the 
outstretched fingers point in the direction of the current. 
Then the outstretched thumb will point in the direction of 
deflection of the N-seeking pole of the needle. 

319. The Circuit is the entire path travereed by the 
electric current, including both that within the cell and 
that without. The plate on which the chemical action 
takes place^is known as the Positive Plate, the other as 
the Negative Plate^ The wire attached to the negative 
plate is called the Positive Pole or Electrode; that joined 
to the other plate, the Negative Pole. Closing the circuit is 
joining the two electrodes ; breaking the circuit is separating 
them. 

320. Local Action. — Bzp. — Place a strip of commercial 
zinc in dilute sulphuric acid. Hydrogen is liberated during the 
chemical action, and after a few minutes the zinc becomes black from 
particles of carbon exposed to view on dissolving away the surface. 
If the experiment !s repeated with both pure zinc and zinc amalga- 
mated with mercury (S15), there will be little or no chemical action. 

The experiment shows that the amalgamation of com- 
mercial zinc with mercury imparts to it properties similar 
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to those of pure zinc. If in the experiment with the simple 
voltaic cell, a galvanoscope is inserted in the circuit both 
before the zinc has been amalgamated and afterwards, it 
will be found that a larger deflection will be obtained in 
the second case. 

The chemical action going on in a voltaic cell which 
contributes nothing to the current flowing through the cir- 
cuit is known as Local Action. It is probably due to the 
presence of particles of carbon, iron, etc., in the zinc ; and 
these with the zinc form small voltaic cells, the currents 
flowing round in short circuits from the zinc through the 
liquid to the foreign particles and back to the zinc again. 
Adjacent hard and soft portions of the zinc act in a similar 
way. 

This local action is prevented by amalgamating the 
zinc ; that is, by coating it with an alloy of mercury and 
zinc. The amalgam brings pure zinc to the surface, covers 
the foreign particles, and above all forms A smooth surface, 
so that a film of hydrogen clings to it and protects it from 
chemical action save when the circuit is closed. 

321. Polarization. — Bip. — Connect the poles of the volt^e 
cell tothe galvanoscope and note the amount of deflection. Let the 
cell remain in cii'cuit with the galvanoscope for some time, the de- 
flection will gi-adually become less and less. Now stir up the liquid 
vigorously with a glass rod, inserting It between the plat«s and 
bmshing off (he adhering gas bubbles \ the deHection will increase to 
nearly its original amount, 

This diminution in the intensity of the current is due to 
several causes, but the chief one is the film of hydrogen 
which gathers on the copper plate, causing what is known 
as the Polarization of the cell. The hydrogen on the 
negative plate not only introduces more resistance to 
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obstruct the flow of the current, but it also diminishes the 
electromotive force (352) to which this flow is ascribed. 
The origin of the electromotive force (^E.M.F,~) is the 
superior affinity of zinc for oxygen over that of copper. 
Since hydrogen has an affinity for oxygen greater than 
that possessed by copper, its presence on the copper plate 
sets up an inverse E. M. F. which either reduces or stops 
the flow of the current. 

Exp. — Place enough mercury in a quart jar lo cover the botlora, 
nod hang above it a piece of sheet zinc. Fill the jar with & nearly 
saturated solution of salt water, aad place in the roeroury the ex- 
posed end of a copper wire insulated with gutta percha, the upper 
end forming the positive pole of the battery. 

If now the circuit is closed through a telegraph sounder (386) or 
relay (387) of about fifty ohms resistance, the armature will at first 
be atti'acted strongly ; but in the course of a few minutes it will be 
released and will be drawn back by Ihe spring. Polarization has 
then set in to the extent that the current is insufficient to operate the 
instrument. 

Nest take a small piece of mercuric chloride {Hg Cl^) no larger 
than the head of a pin, and drop it in on the surface of the mercui^. 
The armature of the sounder will instantly be drawn down, showing 
that the current has recovered its normal value. The hydrogen has 
been removed by the chlorine of the mercuric chloride. In a few 
minutes the chlorine will be exhausted, and polarization will again 
set in. A little more of the chloride will again restore the actii'ity 
of the cell. 

322. The Remedies for Polarization are two in num- 
ber: 1, Roughening the negative plate to lessen the 
adhesion of the gas. 2. The use of some oxidizing agent, 
as nitric acid, chromic acid, or manganese dioxide, to 
oxidize the hydrogen before it reaches the negative plate. 
Attempts to prevent polarization have given rise to a 
great many forms of cells or batteries. 
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323. The Sme© Cell consists of a plate ni silver or 
lead between two zinc plates, dipping into a glajjs vessel 
containing dilute sulphuric acid (Fig. 
135). Polarization is in a measure 
]»revented by roughening the negative 
plate by means of a coating of finely- 
divided platinum. This coating also 
raises the electromotive force. The 
, however, is but partial. 



324. The Daniell Cell (Fig. 136), 

in its most common form, consists of 
a glass vessel containing a solution 
of copper sulphate in which stands Fig.iso. 

a sheet of copper bent into a cylin- 
drical form. Within the copper cylinder is a porous 
vessel of unglazed earthenware containing dilute sul- 
phuric acid, or, preferably, a solution of zinc sulphate. 
In this porous cup stands a zinc prism. To the top 
of the copper plate is often fastened 
a perforated pocket in which are 
placed crystals of copper sulphate 
to keep the copper sulphate solution 
saturated. 

When the circuit is closed, the 
action of the acid on the zinc liber- 
ates hydrogen which travels toward 
the porous cup by a series of molec- 
ular exchanges, as explained in Art. 
316. At the porous cup it meets the 
Fig, 138. copper sulphate and supplants the 

copper atoms, forming sulphuric acid. 
The copper then travels in like manner with the current, 

,. ;) , Cookie 
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and is finally deposited on the copper plate. The action 

may be represented thus: 



B,SOt \ ff^SO^W OuSOt I OuSO, 



-^ 



After the first step in the reaction this becomes 

Zn^_j I Zn S0^ \ ff, SO^ \\ IT, SO^ \ Cu SO^ [ Cu^^.j 

The arrow shows the direction of the current, and the 
double vertical lines represent the porous cup. It will be 
seen that the zinc has lost one atom, and the copper has 
gained one. Also one molecule of zinc sulphate has been 
formed, and one molecule o£ copper sulphate has dis- 
appeared. The hydrogen is intercepted by the Cu SO^, 
and never reaches the copper plate. Polarization is thus 
entirely prevented, and the cell is one of the most con- 
stant known. 

326. The Gravity Cell (Fig. 187) 

is a modified Daniell. The porous cup 
is omitted, the partial separation of the 
liquids being secured by difference in 
density. The copper plate ia placed 
at the bottom in saturated copper sul-- 
phate, while the zinc is suspended near 
the top in a weak solution of zinc sul- 
phate, floating on top of the copper 
Fig.t37. sulphate. The zinc should never be 

placed in the solution of copper sul- 
phate. The saturated copper sulphate is more dense than 
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the dilute zinc salt, and so remains at the bottom, except 
as it slowly diflosea upwards. 

336. The Grove Cell (Fig. 138) consists of a glass 
vessel containing dilute sulphuric acid in which is im- 
mersed a hollow cylinder of zinc. 
Within this zinc cylinder is a porous 
cup containing strong nitric acid and a 
strip of platinum. 

The hydrogen produced by the action 
of the acid on the zinc meets with the 
nitric acid at the porous cup, and is oxi- 
dized to water. The nitric acid mole- 
cule is broken up by this action, yielding 
a brownish-red gas, which is very corro- 
sive and poisonous. 

327. The Bunsen Cell (Fig. 139) differs from the 
Grove cell in the substitution of carbon for the platinum. 
The chemical action is the 
same. To avoid the poisonous 
fumes a solution of chromic 
acid in dilute sulphuric acid is 
sometimes substituted for the 
nitric acid. Then the chemical 
action is similar to the chromic 
acid battery. 

328. The Chromic Add 

Cell usually consists of a plate 

Fig. 139. of zinc between two carbon 

plates dipping into a glass 

vessel containing dilute sulphuric acid to which is added 
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either chiomic acid or the bichromate of potassium or of 
sodium. The sodium salt is much 
to be preferred to the potassium. 
With the bichromates an additional 
quantity of acid is needed to liber- 
ate chromic acid. 

Fig. 140 illustrates a form of this 
battery called the Grenet or Bottle 
Battery, which is very convenient, 
but is open to .the objection that 
since the carbon plates are left 
standing in the solution, the liquid 
soon works up and attacks the con- 
nections at the top, making it diffi- 
cult to keep the cell in good order. 
'*■ The zinc is attached to a sliding 

rod, so that it may be lifted out of the liquid when the 

battery is not in use. 
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The hydrogen evolved by the action of the acid on the 
zinc is oxidized to water by the chromic acid, and polariza- 
tion is prevented. 

Fig. 141 illustrates a form of chromic acid battery, 
where the several cells composing it have their carbons 
and zincs suspended from a frame. It is known as a 
Plunge Battery, and is a very convenient form for expei'i- 
mental work. 

390. The Leclanchd Cell (Fig. 142) consists of a glass 
vessel containing a saturated solution of 
ammonium chloride (sal ammoniac) in 
which stands a zinc rod and a porous 
cup. In this porous cup is a bar of 
carbon very tightly packed in a mixture 
of manganese dioxide and graphite, or 
granulated cai'bon. 

The zinc is acted on by the chlorine of 
the ammonium chloride, liberating am- 
monia and hydrogen. The ammonia in '^' 
part dissolves in the liquid, and in part escapes into the 
air. The hydrogen is slowly oxidized by the manganese 
dioxide. The cell is not adapted to continuous use, as the 
hydrogen is liberated faster than the oxidation goes on, 
thereby polarizing the battery. If, however, it ts allowed 
3 from polarization. 



XIU. EFFECTS OF ELECTRIC CURRENTS. 

a. HEATING EFFECTS. 

330. 'Heating Bffecta. —Bip- —Close the circuit of a 
chromic acid bstttevy thraiigli a piece of No. .'JO platinum wire about 
3 cm. long, 'i'be wire becomes red liot and possibly may fuse. If 
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copper wire is aabstituted for the platinum, a Binaller change of 
temperature will be observed. 

In & battery, the potential energy of chemical separa- 
tSon ia tranaformed into the energy of an electric current. 
When the current does no work this energy is all converted 

into heat in the circuit. The relative amounts of the heat 
developed in the external circuit and in the battery itself 
are strictly proportional to the external and internal re- 
sistances. If in the experiment the circuit is closed with 
the fine wire omitted, more heat is generated in the liquid 
of the battery than with the fine wire in the circuit. 

331. Laws of the Development of Heat b^ a Current. 
— Joule demonstrated the truth of the following taws : 

I. The heat developed is proportional to the sqitare of the 
current strength. 

II. In any portion of a circuit it i» proportional to the 
resistance of that portion. 

III. The heat is also proportional to the time during 
which the current flows. 

The thermal effects of the electric current are utilized 
in firing blasts and cannonsi in exploding torpedoes, in 
cauterizing, in electric heating, and in electric lighting. 

6. CHEMICAL EFFECTS. 

332. Eleotrolrsia. — Bxp. — Bend a, glass tube oi about 
1.5cm. diameter aod 15 cm. long intoa V-fona (Fig. 143). Close 
tlie ends with corks and thrust through them platinum wii-ea, termi- 
nating' within the tube in narrow strips of platinum foil. Support 
the tube in some convenient way after filling it two-thirds full of 
a solution of sodium sulphate, colored with the extrfitt of puiple 
cabbage. Connect the terminals to the poles of two or three cells 
joined in series (365). On closinjf the circuit for a few minutes, the 
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liquid aroand Ihe positive pole turns red, showing the presence of 
an acid, while that aiYiund tlie negative pole turns green, showing 
the presence of an atlcali. 

The experiment shows 

(hat the electric current in 

its passage through a liquid 

decomposes it. To this 

process of decomposing 

liquids by means of an 

electric current Faraday 

gave the name of Electrol- 

ym ; to the substance de- Fig. 143. 

composed, Electrolyte ; to 

the parts of the separated electrolyte, Ions. 

333. Electrolysis of Copper Sulphate. —Exp.— Fill the 
V-tube of the last experiment about two-thirds full of a solution of 
copper sulphate. After the circuit has been closed a few minutes, 
the negative, electrode will be covered with a deposit of copper and 
bubbles of gas will rise fmm the positive electi-ode. These bubbles 
are oxygen. 

The action has been to separate the copper sulphate 
into copper and sulphion {SO^. By the process of mo- 
lecular exchanges already explained in connection with 
batteries (316), the copper is transferred along with the 
current and the sulphion against the current. At the 
positive pole, where the sulphion would be liberated, it 
abstracts hydrogen from water, forming sulphuric acid, and 
sets free oxygen, which then comes off as bubbles of gas. 
If the positive electrode were copper the sulphion would 
unite with it, reforming copper sulphate at this pole as 
fast as it is decomposed at the other. 



334. EHeotrolysis of Water. — E»a>. — Cut the bottom from 
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a wide-mouthed bottle. Insert a good cork in the mouth, and through 

it thrust two platinum wires terminating within tlie bottle in strips of 

platinum foil set parallel to each other, and abont two centimetres 

apart (Fig. 144). Fill the bottle two-thirds full of water acidulated 

with sulphuric acid, and support it in tlie ring of the iron stand. 

Over Ihese electrodes invert test-tubes filled with 

acidulated water. Place the npp:ira(ua in circuit 

with two or more chromic acid cells connected 

in scries (355). Bubbles of gas at once begin to 

rise fi-oin the electrodes. If the action be allowed 

to conlinue for a few minutes the tube over the 

negative electrode will be seen to contain about 

twice as much gaa ns the other. This can be shown 

to be hydrogen, the other oxygen. 

During the passage of the current the 

hydrogen of the sulphuric acid moves with 

Fig. 144. the current,and the aulphion (^SO^ against 

it, and finally releases oxygen from the 

water by taking away the hydrogen to reform ffj SOt. If 

copper 01' brass electrodes be used, the sulphion will attack 

the positive one and no oxygen will appear. 

335. Slectroplatingr consists . n covering bodies with 
coatings of any metal by means of the electric current. 
The process may be summarized as follows. Thoroughly 
clean the surface to remove all fatty matter. Attach the 
article to the negative electrode of a battery, the electro- 
lyte being a solution of some chemical salt of the metal to 
be deposited. If silver, cyanide of silver is used ; if cop- 
per, sulphate of copper. To maintain the strength of the 
solution a piece of the metal of the kind to be deposited is 
attached to the positive electrode- The action is similar 
to that heretofore given. Articles of iron, steel, zinc, tin, 
and lead cannot be silvered or gilded unless first covered 
with a thin coating of copper. 
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336. Blectrotyping consists in copying medals, wood- 
cuts, type, and the like in metal, usually copper, by 
means of the electric current. A mould of the object is 
taken in wax or plaster of Paris. This is evenly covered 
with powdered graphite to make the surface a conductor, 
and treated very much as an object to be plated. When 
the deposit has become sufficiently thick it is removed 
from the mould and backed or filled in with type-metal. 

337. The Secondary or Storage Battery.— Bxb-— Con- 
nect the apparatus of Ai't. 334 to a suitable battery. After passing 
the current for a short lime, causing an evolution of gas, disconnect 
the battery and put a galvanoscope in its place. The needle will be 
deflected, showing thatncitri'entis now passing through the apparatus 
in a direction opposite to the battery current. 

If large plates of lead are used as electrodes, and dilute 
sulphuric acid as the electrolyte, we have an. arrangement 
which illustrates the construction of the Storage Battery of 
Plants. The electrolysis of the water liberates oxygen on 
one plate, which combines with the lead to form a deposit of 
lead peroxide (PfiOj). Hydrogen accumulates on the other 
plate. On disconnecting the battery and connecting the 
lead plates the oxygen of the peroxide combines with the 
hydrogen of the liquid, liberating oxygen which in turn 
combines with the hydrogen of the adjacent molecule, and 
so on till the hydrogen on the other lead plate is reached. 

The storage battery stores up energy instead of elec- 
tricity. The energy of the charging current is converted 
into the potential energy of chemical separation in the 
storage cell. When the circuit of the secondary cell is 
closed the potential chemical energy is reconverted into 
the energy of an electric current in precisely the same way 
as with a primary battery. 
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338. Hagnetio Oharacter of the Omrent. — Dip. — 
Connect two or tJiree chromic add cells in parallel circuit (S50). 
Close the cir- 
cuit through a 
heavy wire, and 
Fig. 14S. then dip a por- 

Ijon of it into 
fine iron filings. A thick cluster of them will adhere to the wite 
(Fig. 146). 

The magnetic properties of a conductor carrying an 
electric carrent were also seen in its action on the mag- 
netic needle (317). 



330. Magnetic Field about 
port horizontally a sheet of stiff paper, 
wire which connects the poles of a 
battery of two or more chromic acid 
cells (Fig. 146) . Close the circuit and 
sift a few very fine iron filings on the 
paper, jarring it slightly with a pencil 
as they fall. They arrange them 
selves in circles with the wire at the 
centre. Place a small mounted ag 
netic needle on the paper near the 
wire. The needle sets itself tangent 
to these circles, and points in the op- 
posite direction to that traversed by 
the hands of a watth when the cur- 
rent enters the plane of the paper 
from below. (What is the direction of 



Conductor. — Bip — Sup- 
Pass vertically through it a 




the lines of force?) 



The experiment shows that the lines of force of this 
magnetic field are concentric circles. Their direction is 
given by the following rule : 

Sold the doted right hand »o that thi extended thumb 
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points in the direction of the current ; then the fingers will 
indicate the direction of the lines of force. 

340, PropBrtiea of a Circular Conductor. ~~ Exp. — Bend 
a piece of about Ko. 16 copper 
wire into the form shown in 
Fig. 147, the diameter of 
the cii-cle being about 20 cm. 
Suspend it by a long thread, so 
that the euds dip about one 
millimetre into mercuiy con- 
tained in shallow dishes. 
Send a current tli rough the 
suspended conductor by dip- 
ping the poles of a battery 
into the mercury. A magnet 
brought near the face of the 
circular conductor will cause 
the latter to turn about a 
vertical asis and take up a po- 

This experiment, due to 

Arago, shows that a circular current acts like a disk 

magnet, wliose poles are its faces. The lines of force 

surrounding the conductor in this 

form pass through the circle and 

come round from one face to the 

•/'h. i afv other through the air outside the 

loop (Fig. 148). 

341. The Helix. — If instead 
of a single turn of wire we take 
a long insulated wire and coil 
it into a circle of several layers, 
the magnetic effect will be in- 
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creased. Such a coil is called a Relix or Solenoid ; and 
the passage of an electric current through it gives to it all 
the properties of a cylindrical bar magnet. 

342. The Electro-Magnet, — Eip. — Wind neatly on a 
paper tube, of about 2 cm. diameter and 15 cm. long, three layers of 
No. 18 inaulat-ed copper wire. Pass an electric current througli it 
and test its magnetic pvoperties'by bringing it near a mounted 
magnetic needle. Now fill the tube with straight piecea of soft iron 
wire and again bring it near the needle. Its magnetic effect will be 
greatly increased. 

This device, consisting of a helix encircling an iron core, 




is called an Uleetro-Magnet. The presence of the iron core 
greatly increases the number of lines of force running 
through the helix from end to end, by reason of its pei^ 
meability (257) or its conductivity for lines of force 
(Fig. 149). When a core is not used, many of the lines 
leak out at the sides of the helix, and but few extend from 
end to end. The core not only diminishes the leakage of 
the lines of force, but also adds many more to those pre- 
viously existing. Hence the magnetic strength of a helix 
is greatly increased by the iron core. 

Di^ilizDdbyCoO^lt: 



MAGNETISM AND ELECTRICITY. 21y 

343. The Form given to an electro -magnet depends 
on the use to which it is to be put. The Horseshoe or 
U-shaped (Fig. 150) is the most 

common. The advantage of this 
form becomes apparent when at- 
tention is directed to the fact that 
everi/ magnetic circuit is a dosed 
one; that is, the lines of magnetic 
induction are continuous, passing 
through the core fiom the south to the north pole, and 
completing the circuit by passing 
through the air from the north pole 
back to the south. Now the sliorter 
the air path of the magnetic lines, the 
larger their number and the stronger 
the magnet. The approach of the 
two poles in the C-ahaped magnet 
shortens the air gap and hence in- 
creases the number of lines of force. 
If now a bar of soft iron, called an 
Armature, is placed across the poles, 
^*'^'' the air gap is further diminished 

when the armature is made to ap- 
proach the poles (Fig. 151). With 
the armature in contact with them 
the magnetic circuit is all iron, 
and the maximum number of mag- 
netic lines traverse it (Fig. 152). 

344. The Polarity of a Solenoid 

may be determined by the following 
rule : 

Qrasp the coil with the right hand Fij.iBa. 
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eo that the fingen point in the direction of the current; the 
north pole will then be in the direction of the extended 
thumb. 

In Fig, 153, if the fingers 
of the right hand are parallel 
to the arrows and jKiinfc in the 
same direction, the extended x 
thumb will point toward iV", as 
the north pole of the coil. 
The converse of the rule 
enables one to ascertain the 
direction of the current, when '^' 

the polarity of the solenoid is known. 

345. Mutual Action of Two Currents. ~ Bip. — Con- 

atruot a rectangular frame, about 25 cm. square, out of insulated 
copper wire No. 20, by 
winding four or five 
layere round the edge 
of a square board. 
Slip thi. wire off the 
board and tie the jiatts 
together in a number 
of places with thread. 
Bend the ends at riglit 
angles to tlie frame, 
giviiig one end the form 
ofahook (Fig. Eo4). 

Bend a narrow sti'ip 

of brass into a, J-form, 

making a depression 

in the short arm to hold 

a small globule of mer- 

F-|„ 154 oury. Support the strip 

in a woollen clamp, 

and hang the wire rectangle from it with the straight end dipping 

into a vessel of mercury below. Adjust the shape of tlie houk so 
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that the upper and lower edges of the frame are horizontal, the frame 
keeping any position given it and turning on the application of the 
slightest force. The supporting point of the hoolc should be a piece 
of a large sewing needle soldered to the wire, good contact being 
secured by the globule of mercury. Conneot one pole of a battery 
of several cells to the J-support, and the other to the vessel of 
mercuiy. 

Wind sevei'al layers of insulated wire round the edge of a board 
about 20 cm. by 10 cm. Connect this cbil in the same circuit with 
the rectangle EF, and hold it so that the current in the adjacent 
portions F U shall be pai-allel and in the same direction. The 
suspended frame will turn so that the side F will approach H. Now 
turn ^ff" round so that the current through tlie adjacent parts of the 
coils are parallel, but in opposite directions. F is now repelled. 
Place HK within the rectangle EF, so that the edge H makes an 
angle with' the lower side of EF. £jFwill then turn in such a way 
as to bring the current in the lower side parallel to that in If and 
flowing in the same direction. 

These results may be expressed by the following Laws 
of Action between Currents : 

I. Parallel currents flowing in the same direction attract. 

II. Parallel currents flowing in opposite directions repel. 

III. Currents making an angle with each other tend to 
become parallel and to flow in the same direction. 

Maxwell included the entire phenomenon under one biw, 
viz. : Tkn two circuits tend to move so that they shall include 
the largest number of lines of force common to the two. 

XIV. ELECTRICAL QUANTITIES. 

a. ohm's law. 

346. Frequent mention has been made in the preceding 

pages of certain electrical magnitudes, such as Resistance, 

Electromotive Force, and Strength of Current. We shall now 

define them more fully and explain the relation existing 
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between them, which ia known as OhrrC» Law. This law 
forms the basis of most electrical measurements of steady 
currents. 

347. Besistanoe. — No conducting body possesses per- 
fect conductivity, but every conductor presents some 
obstruction to the passage of electricity. This obstruction 
is called its Mlectrical Resistance. It is the reciprocal of 
Conductivity. The greater the conductivity of a conductor 
the less its resistance, the one decreasing in the same ratio 
as the other increases. 

348. The Unit of Beaiatanoe. — The practical unit 
of resistance is the 0km. It was defined by the Britieh 
Association Committee on electrical units and standards 
in August, 1892, with the concurrence of electricians from 
other countries, as follows : Tliat the resistance of 14.4521 
grammes of mercury in the form of a column of uniform 
cross-section, 106.3 cm. in height, at 0" C, be adopted as 
the practical unit of resistance. 

340. . Laws of Resistance. — I. The resistance of a 

conductor is proportional to its length. For example, if 39 
ft. of No. 24 copper wire (B and S gauge) have a resist- 
ance of 1 ohm, then 78 ft. of the same wire will have a 
resistance of 2 ohms. 

II. The resistance of a conductor is inversely proportional 
to its cross-sectional area, and in the ease of round wire is iM- 
versely proportional to the square of its diameter. For ex- 
ample, No. 24 wire has a diameter of .0201 inch and No. 
80 has a diameter of .01 inch, or nearly one-half of No. 24. 
39 ft. of No. 24 has a resistance of 1 ohm, and 9.7 ft. of 

No. 30, which is nearly -^ , has a resistance also of 1 ohm. 
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III. The resistance of a conductor of a given length and 
cross-sectional area depends upon the material of which it ts 
made, and is affected hy any cause which modifies its molec- 
ular condition. For example, the resistance of 2.68 ft. of 
German-silver wire No. 24 is 1 ohm, whereas it takes 39 
ft. of copper wire of the saoae diameter to give the same 
resistance. Moreover, this is true only at a definite tem- 
perature ; if these substances are heated, the resistance of 
the copper increases nearly ten times as much as that of 
German silver, and twenty times as much as an alloy 
called platinoid. All metals have their resistance in- 
creased by increase of temperature. Carbon and all 
electrolytic conductors decrease in resistance as the tem- 
perature rises. 

Exp. — Connect the poles of a fresh chromic acid cell with a, piece ' 
of fine platinum wire of such a length tha.t the curreot heats it to a 
dull red color. Now apply a piece of ice to one portion and notice 
the rise in temperature of the remaining portion. Explain. 

350. Formula for Resistance. — The above laws are 
conveniently expressed in the following formula : 

in which I represents the length of the wire in feet, d its 
diameter in thousandths of an inch, and i is a constant 
depending on the material and is of such a value that r 
is obtained in ohms. The following table gives the ap- 
proximate value of k for several metals, when the tempera- 
ture is 20° C. : 

Silver 9.84 Zinc 36.69 German-silver 128.29 

Copper 10.45 Platinum 59.02 Mercury 586.24 

Iron 63.85. 
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351. The Strengrth of a Current determines the mag- 
nitude of the effects produced by it. Either the chemical, 

electro-magnetic, or heating effects may be made the basis 
of a system of measurement. The quantity of an ion de- 
composed in a second furnishes a convenient magnitude 
for the determination of unit strength of current. The 
unit of current strength is the Ampere. It is that current 
which will deposit by electrolysis, under suitable condi- 
tions, 0.001118 gramme (0.017253 grain) of silver, or 
0.0003287 gramme (0.005072 grain) of copper in one sec- 
ond. The ampere deposits 4.025 grammes of silver in 
one hour. A milliampere is a thousandth of an ampere. 
It is to be remarked that the electrolytic method measures 
only the quantity of electricity passing through the de- 
composing cell, called a Voltameter, in the given time. 

352. Electromotive Force is the name given to the 
cause of an electric flow. It is often called Electric Press- 
ure from its superficial analogy to water pressure. The 
unit of electromotive force (^E.M.F.') is the Volt. It is 
the B.M.F. which will cause a current of one ampere to 
flow through a resistance of one ohm. The E.M.F. of a 
battery depends upon the materials employed, and is en- 
tirely independent of the size and shape of the plates. The 
E.M.F. of a Daniell cell is about 1.1 volts; of a fresh 
chromic acid cell, 2 volts; and of a Lelaneh6 cell, 1.5 
volts. The E.M.F. of a Carhart-Clark standard cell is 
1.44 volts at 15° C. 

353. Ohm's Law. — The definite relation existing be- 
tween strength of current, resistance, and E.M.F. was 
first announced by Ohm in 1827. It is known as Ohm's 
Law, and may be expressed as follows: 
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The strength of a current equals the E.M.F. divided by 

the resistance ; or Iq symbols : 

where is the current in amperes, S the M.M.F. in 
volts, and R the resistance in ohms. Applied to a bat- 
tery, if R is the resistance external to the cell, and r the 
internal resistance of the cell itself, then 



Thus, if a chromic acid cell of 2 volts E.M.F. and half 
an ohm internal resistance is closed with a wire having a 
resistance of one and a half ohms the current will be 

= 1 ampere. 



1.5 + 0.5 

From the equation G = 

the effective E.M.F. equaln the product of the current 
and resistance. 

354. Methods of Varying Strength of Current. — It 
is evident from Ohm's law that the strength of the cur- 
rent furnished by an electric generator may be increased 
in two ways : 1. By lessening the resistance. 2. By in- 
creasing the E.M.F. 

The E.M.F. may be increased by joining several cells 
in series, and the internal resistance may be diminished by 
connecting them in parallel. Enlar^ng the plates of a 
battery or bringing them closer together diminishes the 
internal resistance. 

S5S. Gonneotinff in Series. — If several celb aie uou- 
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nected so that the positive pole of one is joined to the 

negative pole of the next and so on, 

then the total B.M.F. is the sum of _ 

the E.M.F.'» of the several cells. 

The cells are then said to he joined 

in Series. Fig. 155 represents the 

conventional sign for a single cell. Rg.i68. 

The short, thick line repi'esenta the 

positive plate, and hence the line from it is the negative 

pole ; the long, thin line represents the negative plate, and 
. hence the line from it is the positive pole. 
Fig. 156 represents six cells joined in 
series. If each cell has an E.M.F. of 
2 volts, then the total E.M.F. will be 
6 X 2 or 12 volts. In connecting cells 
in this manner the internal resistance is 
also increased about six times, since the 
liquid conductor is six times as long as in 
one cell. The current for any external 

resistance R is then C = - — r— = . 
br -^ R 

35S. Connecting in Parallel. — When 
all the positive terminals are connected 
together on one side and the negative 
on the other, the cells are grouped 
in Parallel or Multiple Arc. With 
n similar cells the effect of such a 
grouping (Fig. 157) is to reduce the 

internal resistance to — th that of a single 
r loa n * 

ceH. It is equivalent to increasing the 
area of the plates n times. AH the cells side by side 
contribute equal shares to the output of the battery. 
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367- Relative Advantages of the Series and Multiple 
Grouping. — It is evident from Ohm's law that when the 

external resistance is small, there is 
nothing gained by increasing E and at ^ 
the same time increasing r, since then 
C remains practically unchanged. But 
when R is large, then the increase in r 
due to joining cells in series is more 
than counterbalanced by the increase 
in E. Consequently is greater the 
larger the number of cells joined in 
series. For example : A battery of 6 
cells, each having an E.M.F. of 2 
volts and an internal resistance of 0.5 
ohm, acts, first, through an external 
resistance of 0.1 ohm, and, secondly, 
through one of 500 ohms. If joined 
in parallel circuit, then when R = 0.1, 
2 



C=- 



0.1 + 



03 



= 10.9 



ampere 



and 



500+ ^ 



= 0.004 ampere. If joined in i 



then when R = 0.1, C = 
and when R = 500, C = 



6X2 ^0.024 ampere. 



500 + 6 X 0.5 " 
A comparison of these results shows that when the ex- 
ternal resistance is small, the greater current is obtained 
by grouping in parallel ; but when the external resistance 
is large, the series arrangement gives the greater current. 
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6. INSTRUMENTS FOR MBASITREMENT. 

368. The Galvanometer. — If comparison of currents 
is made by means of tlieir magnetic effects, the instru- 
ment used for the purpose is called a Galvanometer. If 
the galvanometer is calibrated, so as to read directly in 
amperes, it is called an Ammeter. A galvanoscope becomes 
a galvanometer by providing it with a scale so that the de- 
flections may be measured. In very sensitive instruments 
a small mirror is attached to the movable part of the 
iDstrument ; it is then called a Mirror Cfalvanometer, 
Sometimes a beam of light from a lamp is reflected from 
this small mirror back to a scale, and sometimes the light 
from a scale is reflected back to a small telescope, by 
means of which the deflections are read. In either case the 
beam of light then becomes a long pointer without weight. 

369, The Tangrei^t Galvanometer consists of a vertical 
coil of wire (Fig. 158) of from ten to twelve inches in 
diameter, at the centre of which is supported a magnetized 
needle about three-quarters of an inch long, furnished with 
a long, light pointer moving over a graduated scale. 

Owing to the size of the coil the 
magnetic field at the centre is 
nearly uniform, that is, the lines 
of force there are sensibly parallel 
straight lines ; and any movement 
of the short needle round a verti- 
cal axis will not carry its poles 
into a magnetic field of different 
strength. Under these conditions 
the ttrength of the current is pro- 
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portional to the tangent of the angle of deflection. For ex- 
ample, if two different batteries, placed successively in 
circuit with a tangent galvanometer, give deflections of 
55° and 355° respectively, then the strengths of these cur- 
rents are as f " Sfe° = 14S = 2, that is. the strength of 
tan 35^° 0,714 ° 

one current is double that of the other. 

In its most useful form the helix consists of several 
coils, so connected to suitable binding-posts that any or 
all can be placed in circuit, thus making the instrument 
either a long or a ihort coU galvanometer at pleasure. 

360. The d'Arsonval OalTonometer. — One of the 

most useful forms of galvanometer is the d'Arsonval, Fig. 
159. Between the poles of a 
strong permanent magnet 
swings a coil suspended by a 
fine wire in such a way that 
the current is led in by the 
suspending wire and out by 
the wire connecting the coil 
to a spring at the bottom. 
Inside the coil is a soft iron 
tube supported from the 
back. In some of the most 
recent forms of this instrument 
the coil is made narrower and 
the iron tube is omitted. In 

this galvanometer the coil is movable and the magnet 
is fixed. Its chief advantages are simplicity of construc- 
tion, almost total independence of the direction and 
strength of the magnetic field at the place where it 
is used, and the quickness with which it comes to rest 
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after the coil has been deflected by a current through 
it. 

361. Resistance Coils. — Coils of wire of known re- 
sistance, for use with the galvanometer in measuring 
resistance, can be purchased of makers of electrical instru- 
ments. They should be mounted as shown in Figure 160. 
The coil is wound on the spool double, the inner ends 
being connected so that the current passes an equal num- 
ber of times in both directions 
round the spool, and the coils 
do not become magnets. This 
winding also diminishes what is 
known as self-induction (S68), 
which is an E.M.F. affecting 
the current on opening and 
closing the circuit. The ends 
of the coils are connected to the 
heavy brass blocks, C", C", 0", 

Fig.ieo. on top of the box. When a brass 

ping, as P, is inserted between 
two blocks, as C" and t", the current practically all goes 
through the plug ; but when the plug is withdrawn, as 
between C" and C", the current must go through the 
corresponding coil. 

The resistance of these coils is often arranged in ohms 
of the following numbers: 

1, 2, 2, 5, 10, 10, 20, 50, 100, 100, 200, 500, etc. In this, 
way any number of ohms from one up to the full capacity 
of the resistance box can be thrown into circuit by with- 
drawing the proper plugs. 

362. Divided Oircuite. — When the wire leading from 
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any electric generator is divided into two brandies, as at 
B (Fig. 161), the current also divides, part flowing by one 
path and a part 
by the other. The 
sum of these two 
currents is always 
equal to the current 
in the undivided 

part of the circuit, since there is no accumulation of elec- 
tricity at any point. Either of the branches between B 
and A is called a Shunt to the other, and the currents 
through them are inversely proportional to their resist- 

et the total 

resistance between the points A and B be represented by 
R,, that of the branch BmA by r, and of BnA by r'. The 
conductivity of BA equals the sum of the conductivities 
of the two branches; and as conductivity is the reciprocal 
of resistance, then the conductivities of BA, BmA, and 

BnA are -w , --, and — respectively, and -^ = - -|- -;-■ 

From this we easily derive R = . , ■ To illustrate, let 

a galvanometer whose resistance is 100 ohms have its 
binding-posts connected by a shunt of 50 ohms resist- 
ance; then the total resistance of this divided circuit is 

100 -4- 5 ^^^^i ohms. The introduction of a shunt lessens 
the resistance between the points connected, as -4, and B. 

364. Fall of Potential along a Conductor. — When a 
current flows through a conductor a difference of potential 
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exists, ID general, between different points on that con- 
ductor. Let A, B, O be three points on a conductor con- 
veying a curi'ent, and let there be no source of E.M.F. 
between these points. Then if the current flows from A to 
S, the potential at A is higher than at S, and the poten- 
tial at B is higher than at C. If the potential difference 
between A and B and that between B and C be measured, 
the ratio of the two will be the same as the ratio of the 
resistances between the same points. This is only another 

statement of Ohm's law. For since C* = ^) and the cur- 
rent is the same through the two adjacent sections of the 
conductor^^the ratio of the effective E.M.F.'s to the re- 
sistances of the 
two sections is 
the same, since 
E.M.F:s in this 
case mean poten- 
tial differences. 
This important 
principle, of which 
great use is made 
ill electrical meas- 
urements, may be 
expressed by say- 
ing that the fall 
of potential along 
I conductor is proportional to the resistance passed over. 




366. The Wbeatstone Bridge consists of four resist- 
ances connected as shown in Fig. 162. The four conduc- 
tors -S, B^ B", XI constitute the Arms, and the conductor 
CD the Bridge. On closing the circuit the current 
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divides at B, the parts reuniting at A. The fall of poten- 
tial along BOA is the same as that along BDA. Now 
if no current flows through the galvanometer, then 
the potentials of C and i> must be the same. Under 
these conditions the fall of potential from B to C is 
the same as from B to B. We may get an expression for 
these two potential differences, and place them equal to 
each other. Let V^ and V^ be the potentials at B and 
A respectively. ■ Then the fall of potential from B to 
is to the whole fall from 5 to -d as the resistance M' is 
to the whole resistance B + R'; or 

FaUfrom^to O: V^- 
Hence, fall from B to C= ( F", 
In the same way we find : 

Pall from B to B = (^V^— V,) 
Therefore (Tt '^^ ^' 




and 

When no current passes thi-ough the galvanometer, the 
four resistances in the arms of the bridge form a propor- 
tion. If three of them are known the proportion gives 

the formula, X^ ~~W~ ' 



EXBB0I8E8. 

How shall seTeral chromic acid oells be connected in order to 
M hot as possible a piece of platjnum wire P Why P 



234 SLEMSNTS OF PHYSICS. 

2. If a circuit has a large resistance, would a long-coil or a 
sliort-coil galvanometer show the greater deflection P WiiyP 

3. If an electro-magnet has a helix of a few turns of lieavy cop- 
per wire, how would you join four chromic acid cells in order to 
make the magnet the strongest possible? 

4. What facts indicate an intimate relation between the electric 
current and magnetism ? 

5. In the process of electrotyping, why most the article to be 
plated be connected to the negative electrode? 

6. A single Daniell cell will not electrolyze acidulated water, but 
two joined in series will. Explain. 

7. Roget suspended a spiiiil of fine elastic wire with its lower 
end just touching a dish of mercury. By connecting the poles of a 
battery to the upper end of the wire and to the mercury respectively 
the spiral vibrated up and down, producing bright sparks at the point 
of contact of the spiral with the mercury. Explain. 

H. What will be the resistance of a mile of copper wire whose 
diameter is 0.03S inch P 

9. How many feet of German-silver wire whose diameter is 0.01 
inch will be needed for a resistance coil of 1000 ohms P 

10. On measuring the resistance of a piece of copper wire 18.12 
yds. long, it was found to be 3.02 ohms ; what must be the length of 
another piece of the same diameter to have a resistance of 22.65 
ohms P 

11. If an incandescent lamp of 80 ohms resistance takes a cur- 
rent of 0.75 ampere, what E.M.F. is required to light it P 

12. A battery consists of 5 Daniell cells, each having an E.M.F. 
of 1.1 volta and an internal resistance of 4 ohms; what current 
will they furnish when in parallel circuit through an external resist- 
ance of 7 ohms P 

13. How many cells in series, each of 1.8 volts E.M.F. and 
1.1 ohms internal resistance, will be required to send a current of 0.5 
ampere through an external resistance of 60 ohms P 

14. With an external resistance of 9 ohms a certain battery gives 
a current of 0.43 ampere ; when the external resistanee is increased 
to 32 ohms the current falls to 0.2 ampere. What is the resistance 
of the battery ? 

15. How much silver will be deposited in one hour by a cell 
■whose E.M.F. \i 1.8 volts, tlio total resistance of the ciix^uit being 
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16, A galvaiioineter whose resistance is 50 ohms is to be reduced 
to one of £> ohms by a sbnnt. Compute the resistance of the shunt. 



XV. CTTRRENT INDUCTION. 

see. Currenta induced by Ma^rnets. — Eip- — Place a coil 
of insulated wire in circuit with a sensitive galvanometer (Fig. 163). 
Thrust suddenly into the helix the N-seeking pole of a strong bar 



Fit. 163. 

magnet. The needle will be deflecte<l in a direction showing that 
a momentary current has been started in the coil opposite to 
that in which the hands of a watch move. On removing the 
magnet a current is produced in the opposite direction. If the S- 

seeking pole be used, results the reverse of these are obtained. If 
we substitute a belix of a smaller number of turns, or a magnet of 
less strength, the deflection is less marked, showing that a weaker 
current is set flowing, and hence a smaller E.M.F. is set up. If the 
rate of approach or recession be leas, the current produced is less. 

The momeDtaty currents set up in the belix are known 
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»a Induced Currents. When the relative positions of a 
magnet and a closed conductor are so altered that a con- 
tinuous variation is produced in the number of the lines of 
force threading through the conductor, induced currents 
are set up in the conductor in accordance with the 
following laws: 

I. An increase in the number of line» of force threading 
ihraugh a helix producet an indirect current, while a de- 
crease in the number of lines produces a direct current. By 
direct current is meant one flowing in the direction of the 
■* motion of watch-hands, and by indirect current, one flow- 



ing in the opposite direction. The observer must always 
be looking along the lines of force. Thus, if in Fig. 164 
the magnet be thrust into the coil in the direction of the 
arrow, the current will flow counter cloek-wise, as shown 
by the arrows on the coil. The motion of the magnet 
into the coil carries its lines of force with it, and thereby 
increases the number passing through the coil. 

II. The E.M.F. produced is equal to the rate of increase 
or decrease in the number of lines of force threading through 
the helix. 

Bxp. — Wind a number of turns of line insulated wire around the 
u'niaturo of a horseshoe magnet, leaving the ends of the iron free 



>;,l,ZDdbyC00^It: 



MAGNETISM AND ELECTRICITY. 237 

to come in contact with the poles of the pemianeiit magnet. Con- 
nect the ends of the coil to a. sensitive ^Ivanometer, the armature 
being in contact with the magnetic poles, as shown iti Fig. 165. 
Keeping the magnet fixed, suddenly pull off the armature. The 
galvanometer will show a momentary current. Suddenly bring the 
armature up to the poles of the magnet ; another momentary current 
in the reverse direction will flow through the circuit. 

With the armature in contact with the poles of the 
magnet, the number of lines of force passing through the 
coil is a maximum. When it is pulled away, the number of 



-. Fig. «. 

magnetic lines threading through the coil rapidly dimin- 
ishes. This illustrates Faraday's method of obtaining 
electric currents by the agency of magnetism. 

367- Currents induced by Other Currents. — Bxp. — 

Insert within a helix connected to a sensitive galvanometer a second 
helix in circuit with a battery (Fig. 166). The effects are exactly 
like those obtained by the use of the magnet, even to the direction of 
the galvanometer deflection, when Iho polarity of the helix (344) 
coiTcsponils with that of the magnet. Furthermore, the effects are 
the same if the helix is inserted before closing the circuit. 

The experiment shows that tTie approach of a current to 
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a closed conductor, or itg recession from it, has the same 
effect in inducirtg a current as a magnet. This was to be 
expected, since we have seen that a helix carrying a cur- 



rent has properties identical with a magnet. The coil 
connected with the battery is calJed the Primary Coil, 
and the other the Secondary Coil. 



368- The Extra Current or Self-Induotion. — Bip- - 
With a battery, a long helix of wire with an iron core, and a suii 
able galvanometer, !<et Up 
a circuit am shown in Fig. 
1C7. On closing the cir- 
cuit, the needle is deflected 
by a part of Ihe current 
passing through the coil of 
the galvanometer. Kow 
bvinj; the needle hack to 
zero, and place some ob- 
stacle in its way 80 that it 
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canuot move in that direction, but is free to swing in the oppo- 
site. Break the circuit at E\ the needle will be deflected, showing 
a momentary current through the galvanometer in an opposite direc- 
tion to the baltery current. 

This current is due to an E.M.F. of self-induction 
generated by the inductive action of the several turns of 
the coil on one another at the moment of opening the 
circuit. It flows through C in the same direction as 
the battery current, but completes the circuit through 
the galvanometer instead of the bat- 
tery, and hence reverses ite deflection. 
It is often called the Extra Current, 
but should always be recognized as 
a current of self-induction. A study 
of Fig. 168 may make its origin clearer. 
Let A and B represent adjacent con- 
volutions of the helix. On closing 
the circuit some of the liue-s of force 
which belong to one coil thread 
through the other, thereby increasing 
the number. Hence, each will induce 
an opposing E.M.F. in the other 
(366). On breaking the circuit, the reverse will be the 
case. The E.M.F. generated is proportional to the cur- 
rent strength and to the number of convolutions of the 
helix ; in other words, it is proportional to the number of 
lines running through the coil, and is therefore increased 
by adding an iron core (342). 




369. The Induction Coil is an apparatus for producing 
currents of very high E.M.F. It consists of a helix of 
coarse insulated wire surrounding an iron core, and this 
again surrounded by a second helix of a large number of 
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tuins of fine wire (Fig. 169). The inner or primary coil 
is connected to a battery through a current iuterrupter ; 
also through a device called a Commutator for changing 
the direction of the cuiTent, At the " make " and 
" break " ot the circuit currents are induced in the 
secondary coil in accordance with the laws of current 
induction (366). 
In coils designed 
to give sparks be- 
tween the poles of 
the secondary coil 
a Condenser is 
added. This is 
placed in the sup- 
porting base of 
r,g.^6a. tte coil, and con- 

sists of two sets of 
interlaid layers of tin-foil, separated by paper coated with 
shellac varnish. These two sets are connected to two 
points of the primary circuit on opposite sides of the cui> 
rent interrupter. 

370. Action of Coil. — Let Fig. 170 represent an in- 
duction coil, showing the arrangement of the various 
parts. The current entering at m ascends the spring 0, 
crosses to the spring^, which carries the soft iron J\ then 
along q to the primary coil /*, around which it circulates, 
making the right-hand end the JV-aeeking pole of the 
helix ; and finally back through I to the battery. Its iron ■ 
core Z becomes a magnet and attracts to itself /', thereby 
breaking the circuit by separating ^ from the horizontal 
screw. At the instant the current begins to circulate in P 
a current is induced in the secondary coil flowing counter 
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clock-wise, that is, from S' to i? through the wire (866), 
When the current is broken in the primary a raomentarj 
current from iS to S' is induced. Hence, momentary 
alternating currents are induced in the secondary coil by 
the intermittent current in the primary. On account of 
the great number of coils of wire composing the secondary 




coil a very high E.M.F. is set up in it. This is inei 

by the action of the core in increasing the number of lines 

of force which pass through the entire helix. 

The self-induction of the primary has a very important 
bearing on the action of the coil. At the instant the cir- 
cuit is made, the counter E.M.F. opposes the battery 
current, and thereby prolongs the time of reaching its 
greatest strength. Consequently the E.M.F. of the seo- 
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ondarj coil wilt be diminished by self-induction in the 
primary. The E.M.F. of self-induction at the " break " 
of the primary ia direct, and this added to the E.M.F. of 
the battery produces a spark at the break points 5", 0. 
For an instant the primary current may actually be in- 
ci-eased at the break of the circuit. 

371. The Condenser. — The addition of a condenser 
increases the E.M.F. of the secondary coil in two ways : 
1. It gives such an increase of capacity to the primaiy 
coil that at the moment of breaking the circuit the poten- 
tial difference between the points H, does not rise high 
enough to break across the air^ap. The interruption of 
the primary is therefore more abrupt, and the E.M.F. of 
the secondary is increased. 2. After the break, the sui> 
face C of the condenser being of higher potential than C, 
and connected with it through the battery, the condenser 
discharges back through the battery and the primary coil, 
thereby sending a reverse current, which materially aids 
in demagnetizing the core. Rapid demf^netization of the 
core means great rate of change in the lines of force thread- 
ing through the secondary, and hence high E.M.F. On 
breaking the circuit, the direct induced E.M.F. in the 
secondary is therefore much higher than the inverse in- 
duced E.M.F. on closing the circuit. 

372. Experiments with the IndaotioQ Ooil : 

1. Physiological Effects. — Hold in the handa the electrodes of a 
very small induction coil, Buch as are used by physicians. On closing 
the battery circuit a peculiar muscular contraction is produced. 

The "shock" from large coils ia very dangerous, owing 
to the high E.M.F. generated. The physiological action 
of such, shocks is not fully understood. It appears that 
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the danger decreases with the increase in rapidity of the 
impulses or alternations. Recent experiments with in- 
duction coils, worked by alternating currents of very high 
frequency, have demonstrated that the discharge of the 
secondary may be taken through the body without injury. 

2. Mechanical Effects. — Hold a piece of cardboard between the 
electrodes of a coil throwing a spark an inch long. The card will 
be perforated, leaving a burr on each 

side. Thin plates of any non-conductor 
can be perforated in like manner. 

3. Heating Effects. — Make a torpedo 
(306) and place it in ciccuit with an in- 
duction coil. On closing the battery cir- 
cuit the powder will be exploded. 

4. Chemical Effects. — Place on a 
plate of glass a strip of white blotting- 
paper moistened with a solution of potas- 
sium iodide and starch pnste. Attach one 
of the electrodes of a small induction coil 
to the margin of the paper. Handle the 
other electrode with an insulator and 
trace characters with it on the paper 
when the coil is in action. The discharge 
decomposes the chemical salt, as shown 
by the blue mark. This blue mark is due 
to the reaction between the iodine and the 
starch. 

5. Lvminoua Effects. — Exhaust the 
air from (he Aurora Tube (Fig. 171), and 
connect its eittremitiea to the poles of the 
induction coil and observe its appearance 
in a dark room. If the tube is well ex- 
hausted and a little vapor of alcohol or naphtha is afterwards intro- 
duced into the tube the light will be beautifully str^fied. 

Coat a vase or glass goblet wilh tin-foil, a little over half-way 
up inside, and place It on the table of the air-pump, beneath a 
bell-jar provided with a brass sliding-rod passing air-tight through 
the cap at the top (Fig. 172). Surround the part of the rod insida 
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the jar with a glass tube and push the tube down till it touches 
the tin-foil. Connei^t the rod and Ihe air-pump table to the elec- 
trodes of the induciion coil. On exhausting the 
air a beautiful play of light will fill the bell- 
jar. If the vase is made of ui'anium gla.as, or if 
it standa on a block of tliat material, the effect 
ia Htill more beautiful. This experiment, known 
as Qassinf3 Cascade, should be conducted in a 
darkened room. 

Oeissler Tabes (Fig. 173) are glass tubes of 
various pattema containing highly rarefied vapor 
or gas. Platinum wires are fused into the 
glass for the admission of the current. Exceed- 
ingly beautiful effects are obtained by placing 
*' ' such a tube in circuit with the induction coil. 

6. The inlermiUent character of the discharge is demonstrated 
by the multiple images of any moving object in a dark room 
near a luminoua Geisaler tube ; for instance, the hand moved to 
and fro over the tube gives 
the impression of several 
hands. The phenomenon is 
due to the intermittent char- 
acter of the light, and the 
fact that images formed on 
the retina of the eye are re- 
tained for a finite length of 



XVI. THE DYHAMO. 
373. The Dynamo is a machine for converting the 
energy of mechanical motion into the energy of an electric 
current. The so-called generation of electricity consists 
always in the generation or production of an E.M.F. or 
of electric pressure. The quantity of electricity at our 
command is as definite and invariable as the quantity 
of energy. No battery, dynamo, or other device creates , 
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electricity. It creates electromotive force, by means of 
which electricity may be accumulated on an insulated 
conductor and in a condenser; or by means of which 
electricity may be made to flow through conducting cir- 
cuits. 

In the conducting circuit, external to the region where 
the electric pressure is applied, the electricity flows from 
a higher electric level or potential to a lower, as water 
flows from a higher elevation to a lower. Within that 
part of the circuit where the E.M.F. originates the elec- 
tricity is forced from a lower electric level to a higher, as 




Fig. 174. 



water is pumped from a lower to a higher level. lu a 
voltaic cell this latter region appears to be at the crossing 
of the current from the zinc to the liquid ; in the dynamo 
machine it is in that part of the machine called the arma- 
ture, which usually revolves between the poles of a power- 
ful electro-magnet. 

The dynamo is based on the principles of current induc- 
tion. It contains a system of closed conductors, revolving 
in a magnetic field in such a way as to vary continuously 
the number of lines of force threading through them. 



874. The Ideal Simple Dynamo. — Suppose a single 
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loop of wire to revolve between the poles of a magnet NiS 
(Fig. 174) in the direction of the arrow and round a hori- 
zontal line as an axis. The lines of force run across from N 
to iS, as indicated by the light lines. The loop of wire in 
the position shown encloses the largest possible number of 
lines of magnetic force. When it has revolved through 90°, 
or a quarter of a turn, the lines of force will be parallel to its 
plane and none will thread through it. During this quarter 
, tyrn, the number of lines has been decreasing and con- 
/.*. "''^equently a direct cu rrent has been produced, looking 
i/.jii^^*' from W toward S, as shown by the arrows. During the 
' next quarter turn the lines will increase again, but will run 




through from the opposite side of the loop. Hence, the 
current will continue to flow in the same direction round 
the loop. During the next half revolution the current 
round the loop will flow in the opposite direction. The 
current through the loop reverses twice, therefore, in each 
revolution. 

375. The Shuttle Armature. — If the number of turns 
of wire composing the revolving coil be increased from 
one to many, the E.M.F. generated by the revolution of 
the coil will be increased in the same ratio. If, further, 
the "magnetic field" between the poles JV^ and *? contain 
iron, the number of lines of force will be augmented 
(257). These results were secured fii-st by Siemens in 
ttie Shuttle Armature (Fig. 175), of which Fig. 176 is a 
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cros»«ection. Two broad groovea are ploughed in an 
iron cylinder on opposite sides, and in these grooves are 
wound the spirals or loops of wire. This 
form of armature is not suitable for lai'ge 
currents, since cuiTents are produced in 
the iron core as well as in the insulated 
wire ; and these absorb energy and heat 
the iron. Moreover, the current falls to 
zero every halt revolution, and this is '^' 

\fty undesirable for operations requiring steady cur- 
rents. This armature, however, is extensively used in 
the " magneto bells " used 
for "calling up" on tele- 
phone circuits. 

376. The Commuta- 
tor. — In order to have the 
successive oppositely - di- 
rected currents flow in the 
same direction through 
the external circuit, a 
special device must be em- 
ployed called a Commutator. The shuttle armatuie employs 
a two-part commutator, shown in Figs, 177 and 178. It 
consists of a split tube with the two halves insulated from 
each other, and from the shaft on which 
they are mounted. The two ends of 
the coil on the armature are connected 
with the two halves of the tube. Two 
brushes bear on the commutator, and 
they are so placed that they exchange 
connections with the commutator seg- 
ments at the same time that the current 
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reverses through the coil. In this way one of the brushes 
is kept always positive and the other negative, and the 
current flows from the positive brush through the external 
circuit back to the negative brush, and thence through the 

armature to the atartiug point. 

377. The Field-Magnet. — In dynamo machines the 
magnetic field is produced by a lai^e electro-magnet ex- 
cited by the current flow- 
ing from the armature, 
which is led either wholly 
or in part round the field- 
magnet cores- When the 
entire current is carried 
round the coils of the field- 
magnet the dynamo is 
said to be a Series Dyna- 
mo. Such a one is shown 
diagrammatically in Fig. 
179. When the field. 
magnet is excited by coils 
of many turns of fine wire 
connected as a shunt to 
the external circuit, the 
dynamo is said to be .SAwni 
Wound. The connections 
of the field and external circuit are shown in Fig. 180. 
A combination of these two methods of exciting the field- 
magnet is called Compound Winding. The residual mag- 
netism remaining in the cores is sufBcient to start the 
machine. The currents thus produced increase the mag- 
netism and so increase the E.M.F. 




Fig. 179. 



378. The Drum Armature. - 



- The modern Ihum 
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Armature (Fig. 181) is a direct outgrowth of the shuttle 
armature. Instead of a 
single coil wound in a 
gtoove, it has a good 
many coils or sections 
wound on the outside of 
a cylindrical iron core, 
made of thin disks of soft 
iron insulated from one 
another. A single sec- 
tion is wound on, the 
armature is then turned 
through a small angle, 
and another section is 
wound, and so on till the 
entire circumference has 
been gone over. The 
■"'s- 'SO- sections are then all 

joined together in series, and the junctions of the sections 
are connected to bars, insulated from one another, on the 
commutator. It will readily be seen that when the 
brushes bear on opposite bars of the commutator, the cur- 
rent has two paths tbi'ough the armature, and divides 
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equally between them. The binding wires round the 
outside hold the coils in place. With this winding and 
with numerous sections, sometimes as high as ninety-six 
or even more, the current is almost perfectly continuous. 

I ,z,;i:, Cookie 
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XVn. THE ELECTRIC UOHT. 
379. Electric lAshtB are of two classes, Arc and 
Incandescent. The former is produced by a curreot of 
from six to ten amperes passing across from one carbon rod 
to another through the highly heated vapor as a conductor. 
The carbon rods are placed in electrical connection with 
the two poles of a dynamo, and the current is established by 
bringing the carbon points to- 
gether. Upon separating them 
they are heated to an exceed- 
ingly high temperature and 
the current continues to pass 
across through the heated va- 
por. The ends of the carbon 
rods are disintegrated, a de- 
pression or crater forming in 
the positive (Fig. 182) and 
a cone on the negative carbon. 
Most of the liglit of the elec- 
tric arc comes from the bottom 
^- 18!. of the crater, which is the hot- 

test part of the carbon. Sir Humphrey Davy, who first 
produced the electric arc light, obtained an arc between 
two charcoal points four inches in length. For this pur- 
pose he used a great battery of 2000 cells. The pores of 
the charcoal sticks had been filled with mercury. Des- 
pretz, with 600 Bunsen cells, obtained an arc 7.8 inches 
long. The arc light may be produced in a vacuum. The 
intense heat is not due, therefore, to combustion, but is 
due to the conversion of the energy of the current into 
heat by means of the resistance of the arc. The electric 
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arc light may be produced even ia water, but its brilliancy 
is inucli reduced and the water is rapidly decomposed. 



380. The Adjustment of the Carbons. — The distance 
between the ends of the carbon rods for a ten-ampere cur- 
rent, and a potential difference between them of 50 volts, 
is about one-eighth of an inch. As the carbons wear away 
they must be made to approach each other automatically. 
For the purpose of separating the carbons and keeping 
them at the required distance the arc lamp is provided with 
two electro-magnets, one of coarse wire to carry the entire 
current through the lamp, and the other of fine wire and of 
about 100 ohms resistance, placed 
as a shunt around the arc. A small 
part of the current then passes by 
way of this shunt or by-path, the 
strength of the shunt current 
depending upon the difference i 
of potential between the two car- 
bons. As the carbons burn away 
and the arc lengthens this poten- 
tial difference increases and more 
current goes through the shunt. 
The apparatus is so made that 
the shunt m^net operates to 
make the carbons approach each 
other when the current through 
it reaches a predetermined value, 
which is adjustable by means of 
a spring. The shimt magnet ac- Fig.ia3, 

complishes this result either by 

removing a dete^ so as to allow a train of wheels to drop 
the upper carbon, or it releases a clutch, which normally 
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grasps the carbon holder, and which then allows it to 
slide through. The shortening of the arc reduces the 
potential difference between the car- 
bons, and the shunt magnet immediately 
ceases to operate. This process is re- 
peated as soon as the carbon rods wear 
away again to the feeding point. Fig. 
183 shows one form of the Brush arc 
lamp. 

Arc lamps to the number of eighty are 
sometimes placed in series, requiring 
an E.M.F. of at least 4000 volts to 
operate them. 

381. Inoandescent Lamps. — The 

smaller subdivision of the electric 
light is made by means of carbon filar 
PI )a4_ ments enclosed in exhausted glass 

bulbs (Fig. 184). These small lamps 
are usnally placed in parallel across from one main con- 
ductor to the other (Fig, 185). The carbon filaments 
have a resistance of from 25 to 200 ohms when hot, ac- 
cording to the voltage used and the candle power of the 



lamps. On account of this resistance the filament becomes 
heated to high incandescence. No combustion takes place, 
but the caibon gradually deteriorates and is thrown off so 
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as to blacken the bulba. The lamp then gives leas light, 
and if burned long enough, the carbon filament wiU break 
and interrupt the current. 



XVni. ELECTRIC MOTOR AKD TELEGRAPH. 

382. An Electric Motor is a device which does me- 
chanical work at the expense of electric energy. Almost 
any dynamo can be used as a motor. If an electric cur- 
rent is sent through the armature, it becomes a magnet 
whose magnetic axis forms an angle with that of the field- 
magnet. Hence it is caused to rotate by action of the 
field-magnet upon it. 

383. The Teleerraph is a device for transmitting signals 
through the agency of an electric current. Its essential 
parts are the Idne, the Transmitter or Key, the Receiver or 
Sounder, and the Battery. 



384. The Lin© is a heavy wire, iron or copper, insulated 
from the earth, except at the ends, and serving to connect 
the signalling apparatus. The ends of this conductor are 
connected to lai^e metallic plates buried in the earth. By 
this means the earth is made a part of the circuit of the 
electric generator employed. 

386. The Transmitter or Key (Fig. 186) is merely a 
current interrupter, and usually 
consists of a brass lever ^, turn- 
ing about an axle at B. It is 
connected to the line by the 
screws C and B. On pressing 
the lever down, a platinum point 
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projecting under the lever is brought in contact with 
another platinum point H, thereby closing the circuit 
When not iu use, the circuit is left closed, the switch F 
being used for that purpose, 

386. The Receiver or Sounder (Fig. 187) consists of 

an electro-magnet 
A with a pivoted aima- 
ture B. When the cir- 
cuit is closed through 
the terminals J) and E, 
, the armature is at- 
tracted to the magnet, 
producing a clicking 
^''- '^'' • sound. Ou breaking 

the circuit, a spring C pulls the armature away from the 

electro-magnet. 

387. The Belay. — When the resistance of the line is 
large, the current ia not likely to be strong enough to 
operate the sounder with sufficient energy to render the 
signals distinctly audible. To remedy this, an electro- 
magnet, called 

a Relay (Fig. 
188). whose 
helix A is com- 
posed of many 
turns of fine 
wire, is placed 

in the circuit by "'■ '^e. 

means of its terminals Cand I) As its armature Amoves 
to and fro between the points at K, it opens and closes a 
second and shorter circuit through E and F, in which the 
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Bounder is placed. Thus t^e weak current, through the 
agency of the relay, brings into action a strong current 
which does the necessary work, 

388. The Batter? consists of a large number of cells, 
usually of the gravity type, connected in series. (Why?) 
It is generally divided into two sections, one placed at 
each terminal station, these sections being also connected 
in series through the line. 




389. The Signals are a series of armature clicks sep- 
arated by intervals of silence of greater or less duration, 
a shoit interval between the clicks being known as a 
"dot," and a long one aa a "dash." By a combination of 
" dots " and " dashes " letters are represented and words 
are spelled out. 

800. The Telegraph System described in the preced- 
ing articles is known aa Morse's, from its inventor. 

D,.;,l,ZDdbyC00^[t: 



266 ELBMBKTa OF PHT8ICB, 

Fig. 189 ill us tm tea dif^rammaticallj the instruments 
necessary for three stations, together with the mode of 
connection. 

391. The Bleotrio Bell 

(Fig. 190) consists of an 

electro-magnet E, one end 

of whose helix is con- 
nected with the binding- 
post P, and the other end 

is connected, through the 

spring It and the screw 

N, to the post W. These 

posts are connected by 

wire to the poles of a 

battery. In this circuit 

is a Pmh Button B, or 

some other form of circnitxloser. A cross-section of 
the pushbutton is shown in Fig, 191. On 
closing the circuit, the electro-magnet draws 
the pivoted armature to it, thereby causing 
the ball T to strike the gong. The contact 
between the spring R and the screw N is 
now broken, the armature is released, the 
spring A carrying it back till R and N are in 
contact, when the circuit is again closed, and 
the action is repeated. 



XIX. THE TELEPHONE AND HICROPHOHE. 

392. The Bell Telephone (Fig. 192) consists of a 

steel'magnet C, one end of which is inserted in a helix 

of fine copper wire b, whose ends are connected to the 
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binding-posts t and t. At right angles to the magnet, and 
not quite touching the pole within the helix, is an elastic 
diaphragm or disk a of soft sheetriron, 
kept in place by the conical mouth-piece 
d. If the instrument is placed in an 
electric circuit when the current ia un- 
steady, or alternating in direction, the 
magnetic field due to the helix, when com- 
bined with that dae to the magnet, alters 
intermittently the number of lines of force 
which branch out from the pole, thereby 
varying the attraction of the magnet for 
the disk. The result is that the disk 
vibrates in exact keeping with the changes 
in the current. Fig. tea. 

393. The Microphone is a device for rendering an 
electric current unsteady by means of a variable resist- 
ance in the circuit. One of its simplest forms is shown 
in Fig. 193. It consists of a rod of gas-carbon A, whose 
tapering ends rest loosely in conical depressions made in 
bars C, 0, of the same material attached to a sounding- 
board B. These bars are placed 
in circuit with a battery and a 
Bell telephone. While the cur- 
rent is passing, the least motion 
of the sounding-board, caused 
either by sound-waves or by any 
other means, moves the loose 
Fig. 193* carbon pencil and varies the 

pressure between its ends and 
the supporting bars. Since a slight increase of pressure 
between two conductors when resting loosely one on the 

DiqilizDdbyCoOgIt: 



ELEMENTS OF PHYSICS. 




other lesBens the resistance of the contact and conversely, 
^ ^ then the vibrations of the 

"^ '* sounding-board cause varia- 

? ^ tions in the pressure at the 

points of contact of the car- 
bons and consequently corre- 
sponding fluctuations in the 
eurrent and vibrations of the 
telephone disk. 

3©4. The Blake Trans- 
mitter is a form of micro- 
phone used in connection 
with the Bell telephone in the 
telephone service of our cities 
and towns. An idea of its 
construction and mode of ac- 
tion can be got from an ex- 
amination of Fig. 194, which 
illustrates diagram matically 
two places connected by tel- 
ephone. A conical mouth- 
piece A has back of it a 
diaphragm of elastic sheet- 
iron secured by its edges to 
the supporting frame. Back 
of this disk are two springs 
E and C, insulated from each 
other at the top. The spniig 
C has a carbon button B 
attached to its lower end, 
against which rests the light 
liammer-shaped end of the other spring. These springs 
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are connected respectively to the poles of a battery, 
through the primary coil of a small induction coil. One 
of the poles of the secondary coil is connected to the 
earth ; the other pole is connected to the line wire leading 
to the other station. In circuit with this secondary coil 
is a Bell telephone. 

Sound-waves striking against the diaphragm A cause 
a varying pressure between the free ends of the springs 
E and C, which act as a microphone. The battery cur- 
rent is consequently unsteady, and capable of inducing 
currents in the secondary coil (S67). These induced 
currents, although of higher E.M.F., will yet have 
all the pec uliai'i ties of the inducing current. The tele- 
phone in this secondary circuit will be affected by these 
induced cunents, and will accordingly send off sound- 
waves similar to those which disturbed the disk of the 
transmitter. 

If a telephone is used as a transmitter as well as a re- 
ceiver, its action is as follows : Sound-waves striking 
the diaphragm set it in vibration, and cause alternating 
currents to flow through its helix and the external circuit 
(343, S66). These currents operate the receiving tele- 
phones. No battery is used in this arrangement. 
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CHAPTER VI. 



I. WAVE-MOTION. 

395. Vibration. — 'Eio- — Suspend a ball by a long thread 

and Bet it swinging like a pendulum. Notice that the ball retui'na 
periodically to the starting point. Now set the ball moring in a, 
circle, the string describing a conical surface. The ball again re- 
turns periodically to the stalling point. 

A Vibrating Body is one whose parts are moving in 
such a manner that each returns periodically to its initial 
position. A Complete Vibra' 
Hon, or simply a vibration, is 
the motion comprised between 
two successive passages of the 
object iu the same direction 
through any position. 

396. Vibrations clssei- 
fled. — Hxe- — Clamp one end of a 
strip of lath in a vise (Fig. 196). 
Draw the free end aside and then 
release it. It flies back, passing 
through its original posidoa to a 
point nearly as far on the oppo- 
FijcifiS. ^'*^ ^^^^- ^^^ point of the lath 

executes a vibratory movement in 
a path at right angles to Its length. 

Vibrations of this character are called Tramverse 
Vibratiom. 
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Bzp.— Fasten one end of a long spiral spring ' to a book in the 
wall and hold the other end in the band. Insert a finger-nail be- 
tween two turns of the wire, a short distance from the hand, and 
pull them asunder. On releasing the coils, they are set swinging to 
and fro in line with the length of the spiral. Fig. 196 shows the 
appearance of a portion of the spiral aft«r releasing the coils. 



Vibrations of this character are called Longitudinal 

Vibrations. 

tixf. — lUgidly fasten a heavy ball to a fine wire about one metre 
long and support it like a pendulum. Tuin the ball part way 
around on its axis. On releasing it, it returns periodically to this 
position, as the wire alternately twists and untwists. 

Vibrations of this character are called Torsional Vihra- 
tions. 

397. The Conical Pendi]lmn.—Bzp. — Suspend aball bya 
long thread. Set it swin^ng in a circle and count how many vibi-a- 
tions it makes in some period of time, as 90 sec. Flace the eye on a 
level with the ball and it will appear to move to and fro in a straight 
line, increasing its speed from either end to the middle and decreas- 
ing its speed as it recedes from the middle. Now set it swinging in 
a smait arc like a common pendulum, and count how many com- 
plete vibrations it makes in the preriously selected period of time. 
The two pendulums will be found to have the same period. If the 
eye were placed below the common pendulum, the ball would ap- 
pear to move to and fro in a straight line, cbuiging its speed mnch 
like the conical one. 

398, Locating the Vlbratiner Body. — Let the circle 

■ Such ■ iprlDi ma; bs nude b; winding Iron or bnM win, No. IS, od > long rod. 
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whose centre is J) (Fig. 197) represent the circular path 
of the conical pendulum bob, and A0 its apparent linear 
path. Let 6, c, d, etc., mark the positions of the ball 
at equal intervals of time. Then 
B, O, J), etc., will mark the corre- xt'T"'^ 

spending apparent places on the line J \ \ \\ 
Aa. V; I ; I L 

390. Simple Harmonic Motion. \ / 

— A body moving to and fro along a ^~-~~^~^-^ 

straight line in the manner that the 

pendulum bob appears to do is said to have Simple Har- 
monic Motion. The distance 2>A or 2) (? is the Amplitude 
of Vibration. The Period of Vibration is the time-interval 
between two successive passages of the body through any 
point in the same direction. 



400. Waves. — Exp. — Lay straight on die floor a soft cotton 
rope, about d feet long. Holding the other end of the rope in the 
hand, set up vibrntions id the rope by a quick movemeat of the hand 
up and down. Each point of the rope will be seen to vibrate trans- 
versely with siniple harmonic motion, and the disturbance started by 
the, hand will move along the rope. 

The curved forms which are seen traversing the rope are 
called Waves; these may, in general, be defined as the 
configuration of a body caused by its parts vibrating, and 
I successively thi'ough corresponding positions. 



401. Qraphio Representation of Waves. — Let a num* 

her of particles A, B, C, etc., at equal distances apart, 
move to and. fro in parallel straight lines, with simple 
harmonic motion, each particle beginning its Journey 
at ^th of the period behind the one to the right. Let 
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the problem be to locate these moving points at some 
moment o£ time and determine the wave-form. 

Draw the circle (Fig. 198) with a radius equal to 
the amplitude of vibration. The paths AA\ BB\ CO', 
etc., of the particles will each be the apparent path of a 
particle moving uniformly in the circumference of this 
circle. The particle at 1 will appear at A ; the one at 2, 
being y'^th of a period in advance, will appear at b; the 
one at 3 will appear at c; and so on for d, e, f, etc. If we 
pass a smooth curved line through these points, we have ii 
picture of a wave-motion like that seen in the rope. An 



inspection of the figure shows that this wave-form is the 
result of compounding, at right angles, a simple hannonic 
motion with a uniform linear motion. 

The following experiment will assist in making this 
subject clear : 

Clamp a strip of lath by ono end in a viso. To the other end 
atliich a Iciul ponuil, the apparatus to bo HiTan^d so th:il tho point 
of iho pencil jiisl toiwhos a sheet of cardboard resting on the table. 
Svl tlio bar in vibi'ation and slowly draw tho cardboard under tho 
pencil in a lino pamiUel to tbo bar. Tho pencil will trace a wave- 
like line on tho paper. Acaiiiol's luir bnisb luiil ink may bo used 
insleuil of tlio pcneii. 

402. Wave-Lenffth. — The Length of a wave is the 



264 ELBMBNTB OF FHYBICB. 

distance from any particle in the wave to another particle 
similarly placed ; as from j4 to $, i) to T., F Uy V, etc. 
An inspection of Fig, 198 shows that while the wave-form 
travels from AUi Q^or Q to A, particle A makes a com- 
plete vibration. Hence, the waveAengih is the distance 
traverted by the wave during one vibration-period. 

403. Waves on a Medium. — Bzp — Dropapebble into a 
vessel of water. Circular waves will be Been moving outward from 
the disturbed point to the sides of the vessel. A small cork floating 
on the surface merely rises and falls with the movement of the 
water and is not carried along with the wave. 

The waves on the surface of a liquid are due to its par- 

tides moving in closed curves, circular when the ampli- 
tude is small. That such a motion will produce a wave- 
form is shown by Fig. 199, Each circle is divided into 
eight equal parts ; a particle is supposed to move in 
the circumference of each circle at the same rate, but 
in any two consecutive circles to be at points separ 
rated by ^th of a period. Then when a has completed 
one revolution, b will be ^tb behind, e will be fths be- 
hind, etc. A smooth curve traced through the points 
thus located represents the form of the surface of the 
water. 

Waves of this kind on liquids and in ropes are known 
as Wave» of Trovght and Cretin. 

404, Waves throogh a Medium. — Eip—Pliicoon ilio 
tabic ft tin tube abont 3 metres long aod 10 cm. in diiiiuclor, one cm) 
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ot which tapei"s to a diameter of about 2.5 cm. (Fig. 200). Tie over 
the large ead a paper membrane, and in fi'ont of the email end 
place the flame of a lighted candie. Tap the membrane with the 
flnger; the candle is visiblj !^!tat«d and perhaps extinguished. 

On tapping the membrane, it is made to move for- 
ward auddenly- In so doing it compresses the air imme- 



diately in front of it. These air particles are forced apart 
by their elasticity and compress the air further along the 
tube. The continued repetition of this process carries 
the disturbance through the tube to the flame. Each air 
particle vibrates to and fro in a short path in line with the 
direction of the propagation of the disturbance. (What 
kind of a vibration is this ?) The arrangement of the air 
particles at the time of propagation may be represented 
by the lines of Fig. 201. 




A study of the figure shows that the particles are sepa- 
rated by more than the average distance at the points A, 
C, E, etc., and by less than the average distance at B, D, 
F, etc., these letters markmg the places of greatest rare- 
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faction and condensation respectively. Particles at A and 
C are said to be in the same phase, because they are in the 
same stage of vibration. The distance AOis a wave-length 
and comprises a rarefaction and a condensation. Such 
waves are usually spoken of as Waves of Condensation and 
Rarefaction. 

406. Velocity of Waves. —Bip. — Stretch side by side 
two similar rubber tubes, about .1 m. long, giving them equal tensions. 
Strike the tubes with & ruler, a short distance fi-oiu the end, cittising 
a depression in each. These depressions will move along eueh tube 
to the other end, where they will be reflected as elevations, return- 
ing together to the end fii'st disturbed. Now increase the tension of 
one of the tubes, so as to increase the elasticily. Again start at the 
same time a depression in each tube. It will travel much fustor 
along the tube of gi'eatiT elasticity. Stretch a third tube filled with 
sand beside the other two. A wave in it will travel more slowly 
than in the others. 

Hence, it appears that the velocity of the propagation of 
a wave-motion along a substance depends both on its elas- 
ticity and its density. Sir Isaac Newton demonstrated 
that, if the coefficient of elasticity of a substance he repre- 
sented by H and the density by B, the velocity v = ^/y/ 



1. Account for the waves which are often seen moving aci-oas 
fields of grain. 

2. On what does the length of a wave depend ? 

3. How could you prove that there is no motion of IransUtion in 
water waves ? 

n. SOTTRCES OF SOUND. 
406, Sound, as distinguished from hearing, consists of 
those vibratory motions of matter which are capable of 
affecting the organs of hearing. 
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407. Its Origin. — Eip. — Suspend a small ball so as to touch 
the edge of a large bell-jar. Strike the edge of the jar with a cork 
mallet. The ball will be repeatedly tlirown away from 
the jar so long as the sound is heard. What must be the 
coodition of the jar P 

Eip. — Stretch a steel wii-e between two screw-eyes in 
a board. Draw a violin-bow across the wiie, and then 
touch it with a light ball suspended b; a thread. So 
long as the wire emits sound, tlie ball will continue ta be 
thrown away fi-om the wire. Inference? 

Bip. — Tap a tuning-fork (Fig. 202) agfunst a block of 
softwood, and while sounding, touch one prong to the 
surface of water. In what condition is the fork shown to 
beP 

Eip. — Insert a short wooden or tin whistle in one end 
of a glass tube about 40 cm. long and 2 cm. id diameter 
(Fig. 203). Close the other end with a cork 
disti'ibuted evenly within the tube a little fine di'y cork-dust, ob- 
tained by filing a cork. Hold the tube in a hoi-izontal position, 
and blow the whistle. Notice the agitation of the cork-dust, and 
that it is deposited in little piles transverse to the axis of the tube. 
What must be the condition of the air in the tube while the whistle 



Fig. 203. 



is sounding? Does the effect on the cork -dust suggest a vibratory 
motion of the fur particles, or one of translation P 

These experiments clearly teach that sound-emitting 
bodies are vibrating bodies, and that where there is no 
sound there is either no motion, or the, motion is too 
feeble to affect the organs of hearing. Bodies emitting 
sounds aie called Sonorous Bodies. 
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m. TRAKSHISSIOV OF SOUND. 

408. The Question Stated. — If sound is caused by a 
vibrating body, the question arises, How is tlie energy of 
this vibratory movement transmitted to the ear? Must 
there be a material medium connecting the sounding body 
with the ear, and must this medium have any special prop- 
erties ? 

409. Air a Medium. — Bhqp. — Place an alarm-clock on felt 
under a bell.jar on the air-pump table. Exhaust the air, and you 
will notice that the aound is very feeble. 

The air remaining in the hell-jar is under low pressure 
and possesses correspondingly weak elastic force. The 
experiment shows that sound is not well propagated in a 
medium of feeble elasticity, and suggests that it cannot be 
propagated in a vacuum, 

410. Any Gas a Medium. — Bip. — Fit to a large, heavy, 
wide-mouthed bottle a rubber stopper with two holes in it. Pass a 
glass rod thi'ongh one of thn holes, and attach to it as laro^e a bell as 
will enter the mouth of the bottJe. Through the other opening insert 
a glass tube, and connect it by a rubber tube to the air-pump. Ex- 
haust tlie air as completely as possible from the bottle. Close the 
rubber tube with a pinch-cock, diseonnect the tube from the pump and 
connect it to a supply of hydrogen. After the gas is introduced, the 
sound of the bell can be distinctly heard. Other gases can be tested 
in a simihir manner. 

Hence, it appears that any gas can serve as a medium 
for so tin d. 

411. Liquids as Media, — Eip.— Fill a tumbler nearly full 
ef water and place it on an empty chalk-box. Stick the stem of a 
tuning-foi'k into a small disk of wood. Set the fork in vibration and 
bold it with the wooden disk resting on the water in the tumbler. 
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The Bonnd of the fork will be heard as If coming from the box, hav- 
ing been transmitted to it by the water. If any other liquid bo used 
m the tumbler, the result will be much the same. 

We conclude from this that liquids are good conductors 
of sound. 

412. Solids as Media. — Eip. — Place a vibrating tuning- 
fork against oue end of a long wooden rod. Hold the other end 
firmly against the door of the room. The sound of the fork will 
seem to come from the door, tlie vibrations having been transmitted 
to it by the rod. If a thick layer of cotton-wool be placed between 
the door and the rod the sound ia scarcely audible- 

Wood is highly elastic, but the cotton-wool is not; 
hence it appears that solids transmit sound provided they 
are elastic. 

413. The Acoustio Telephone is a faroiliar instance of 
a solid transmitting sounds. It consists of a string or 
wire, of any desired length, attached to the thin elastic 
bottoms of two small boxes. If the string be properly 
stretched, any sound produced in the one box is easily 
heard by applying the ear to the other. 

Solids are the best conductors of sound. The report of 
a cannon has been heard more than 250 miles by applying 
the ear to the solid earth. The great eruption of Cotopaxi 
in 1744 was heard distinctly over 500 miles, although 
several gigantic mountains and numerous deep valleys 
intervened. 

414. Sound- Wavea. — When a body, as a tuniug-fork, 
is set ill vibration, disturbances, known as Sound-Waves, 
are produced in the air around it. These waves consist of 
a series of condensations and rarefactions, succeeding each 
other at regular intervals, and forming concentric spheri- 
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cal shells of air of different densities. Each air particle 
swings to and fro in a very short path along the radius of 
the sphere, that is, the vibrations are longitudinal. 



17. REFLECTION AND REFRACTION OF SOUND. 

415. Befleotion ofWavee. — Bip. — Conoect the bottnms 
of two empty chalk-boiea by the spiral spring of Art. 396, gLTitly 
stretching the spiral. Start a pulse thi'ougl) it by pressing together 
a few of its turns at one end and suddenly releasing them. The 
wave moves rapidly along the spiral till it I'ea'.'heB the other end ; 
then it retui'ns, as if reflected, to tlie staiting point, and contiimes 
travelling to and fro tilt the energy is dissipated. 



The experiment suggests that a wave-motion { 
fleeted from a surface. 



I be re- 



n strike it squarely and 
fi-oui its surface is brought most nearly 



416. Reflected Soimd-'Waves. —B^— Place a large con- 
caro relli-etor, suuli as is used behinil wait lamps, where the light of 
where the light itBi'trted 
a point. That point will 
be the foi-us (.lOt) of 
the refiector. Now 
suspend a louil-tick- 
ing watch a few 
inches in f'mrit of ihis 
focus, as at ff (Fig. 
E 2(U) , and observe that 
by standing at a cer- 
tain distance, as E, in 
front of the reflector 
yoii can hear the watch 
distinctly ; but if the reflector be removed, tho ticking is nearly, if 
not (jiiite, inaudible. 

The sound-waves striking against the curved surface 
are reflected to a point in a manner quite similar to light' 
waves (501^. 
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417. An Echo is the repetition of a sound due to its re- 
flection from some distant surface, as that of a building, 
cliff, cloud, body of water, etc. The time-interval be- 
tween producing a sound and heanng its echo is the time 
that sound takes to travel from the source to the reflect- 
ing body and thence to the ear. The sensation of sound 
occupies about -^gth of a second, and during that time the 
sound-wave travels about 110 feet (429). If then the 
reflecting surface be distant 65 feet, a sound having a 
duration of i^th of a second will be followed immedi- 
ately by an echo, since the first sound-wave will have 
just time to travel to the reflecting surface and back before 
the cessation of the original sound. Multiple or repeated 
echoes are due either to independent reflections from 
bodies at different distances, or to successive reflections, 
as in the case of parallel walls at a suit;ible distance apart. 
The roll of tliunder is partly due to multiple reflection. 

If the distance of the I'eflecting body be too small to 
produce a distinct echo, then the reflected sound will tend 
to render the original sound indistinct, as is the case in 
large empty buildings ; or it will tend to strengthen the 
original sound, as illustrated by the greater ease with 
which a speaker can be heard in a room uf medium size. 

418. A WhiBpering Qallery is a room where a whisper 
or other faint sound produced at some particular point 
is heard distinctly at aonie distant part of the building. 
The phenomenon is due to one of two causes : First, the 
walls of the room may be either elliptical or circular in 
form, and hence act like concave reflectors in converging 
all the sound-waves to one point; or, secondly, the sound 
may be reflected repeatedly from point to point, and thus 
be made to travel round the Vails. This is the case 
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with long, circular passage-ways, which are somewhat like 
epeating-tubes. 

'419. Be&action. — Bip. — Fill a large rubber toy balloon 
with carbonic oxide. Suspend a loud-ticking watch from a support, 
and place j-ourself at a point where you can hear it fairtly. Now 
hold the infliited balloon between the watch and your ear. By 
moving it slowly back and forth you will find a position where the 
ticking is much louder. 

This is due to the fact that the globe of dense gas 
acts on sound-waves like a convex lens on light-waves 
(525), converging them to a focus. If the balloon be filled 
with hydrogen gas, an opposite effect will be produced, 
the sound being diffused instead of being brought to a 
focus, similar to the action of a concave lens on light 
(526). 

The refraction of sound is caused by the change in ve- 
locity suffered by that part of the sound-wave which 
enters the globe of gas, a subject which will be more fully 
considered under refraction of light (516). 



BXEBCI8E8. 

1. Why ia it that any sound produced in a forest is followed by 
Beveral similar sounds coming from as many different directions P 

3. The repoi't of a gun returns to the gunner in 31 seconds ; how 
far away is the reflecting surface? 

3. Why are there echoes in a very large empty room t Why do 
they disappear wben filled with people ? 

4. Why does a partially deaf person place his open hand back of 
his ear when listening to a speaker? 

5. Why is it that the wind blowing against a series of sound- 
waves deflects them upwaivi, so that the sound of a distant bell is 
often audible at the top of a tower, when it is inaudible at the base. 
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V. INTENSITY AHI) LOUDNESS. 

420. The Physical Intensity of a sound depends on 
the energy of the vibrating particles of the transmitting 
medium ; whereas the LoudneBB of a sound depends- not 
only on the energy of the vibratory movement, but also 
on the condition of the ear in which the sensation is pro- 
duced. The rate of vibration also plays an important part 
in estimating loudness, as the ear is not equally sensitive 
to all sounds. 

421. Effect of Amplitude. —Eip.— Set a tuning-fork in 
vibration by striking one of its prongs a feeble blow with a block of 
wood. Tlie sound emitted is faint, and the prongs when touuhed 
to water do not throw it with nmch energy. If you strike it ft sharp 
blow, the sound ia much louder, and the prongs throw water on 
touching it with marked vehemence. 

To understand the above, it should be remembered that 
sonorous bodies, like pendulums, make their vibrations in 
equal intervals of time. In the second case, the amplitude 
of vibration is greater than in the first ; consequently, the 
velocity of the prongs is gi'eater, and also that of the dis- 
turbed air particles. Since the energy of these particles 
varies as the square of their velocities, the intensity of the 
sound must vary as the square of the amplitude. 

422. Effect of Density of Medium. — Bip.— Place an 
alarm-clock under a bell-jar on the air-pump table. As the tut is 
gradually exhausted from the bell-jar, the sound of the cloek grows 
fainter. 

Eip.— Fill a large bell -jar with hydrogen. As with one hand you 
hold it up,' introduce in it with the other a small bell. The sound is 
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much feebler than when the jar is ftllei) with air. On repeating the 
experiment with the jar full of carbon dioxide, the sound is much 
louder than in air. 

These differences of loudness are due to differences in 
the energy of the wave-motions produced in the gases. 
Since energy depends on mass, the energy of the wave- 
motion set up in a rarefied or light gas is less than that in 
a dense one ; and since the energy of the vibratory body 
is absorbed less rapidly by the rare medium, the body con- 
tinues in vibration for a longer time. On high mountains, 
where the air is quite rare, conversation is carried on with 
difficulty, and the report of a gun is no louder than the 
noise due to the breaking of a small twig under ordinary 
circumstances. 

423. Effect of Distance. — As the sound-waves move 
outward from the vibrating body, each spherical layer of 
air imparts its energy to the enveloping one. Since these 
layers are surfaces of spheres, the number of particles 
composing them increases as the squares of their radii. 
Hence, the energy of the individual particles must decrease 
in like ratio, that is, the intensity of sound varies inversely 
as the square of the distance from the sonorous body. 

During the vibratory movement of the air, heat is de- 
veloped through friction among the air particles, and 
some of the mechanical energj- is transformed into heat. 
The decrease in the intensity of sound is therefore consid- 
erably greater than that given by the theoretical law 
of inverse squares, on account of the energy dissipated 
as lieat. 

424. The Speaking-Tube. — The weakening of sound 
from the enlai^ement of the sound-waves as they recede 
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from the sonorous body would evidently not take place if 
the sonorous body were within a tube. Under such a con- 
dition the sound-waves would not be propagated as con- 
centric spheres, but the successive layers of air affected 
would be of equal mass, and the sound would be conveyed 
with but little loss of intensity. Tubes used iu this way 
are called Speaking-Tuhea. 

425. Effect of Area of Vibrating Body. — Eip. ~ Corn- 
pave the sound of a small tuning-fork with that of a large one of the 
same pitch (441)- The large one pi^oduccs the louder aound. 

In order that a vibrating body may be a sonorous one, 
the condensations and rarefactions produced in the sur- 
rounding medium must be 
well marked. When the ob- 
ject is small, the particles of 
the medium can readily flow 
around it and thus prevent 
the formation of clearly de- 
fined waves. On the other 
hand, when it is large, this 
is not possible, and conse- 
quently the condensations 
and rarefactions are more 
pronounced, thereby making 
the sound louder. Hence, 
the intensity of »ound depends 
on the area of the sonorous 
body. 

Illustrations of this fact 
are found in many stringed 

musical instruments, where the sound is intensified by 
placing two or more strings side by side when they are 
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fine ; and, secondly, by placing a sounding-board beneath 
them to be set in motion by the string. The loud sound 
produced by many wind instruments is due to the fact 
that the air within the broad aperture opposite the mouth- 
piece is a vibrating body of large area. 

426. The Resonator. — Bzp. — Hold a vibrating tuning- 
fork over tbe noutb of a cjlindrical jar, of abuut 2 inches ttianieter 
and 12 inches deep (Fig. 205), Pour in water slowly, and notice 
that as the air-column grows shorter the sound grows louder Ull a 
certain length is obtained, after which it grows weaker. If forks of 
different pitch are tried, each is found to have its own length of idr- 
column which reenfoivies itJi sound. 

This strengthening of the sound is called Resonance, and 
any vessel enclosing a body of air producing this effect is 
called a Meaonator. 



427, Its Aotion Explained. — 
When the prong a (Fig, 206) 
moves to 5 it makes half a vibra- 
tion, and hence generates half a 
Bound-wave. The condensation it 
produces passes down the tube AB, 
is reflected from the bottom, and 
returns to unite with other waves 
sent out by the prong. Now, if AB 
is of the proper length, this conden- 
sation can move down the tube and 
return to combine with the con- 
densation produced by the prong 
moving from b to a, thus making 
the condensation more marked, 
and thereby strengthening the sound. The effect of the 
fork on the column of air is to set it in vibration, and 
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the layer of air at its mouth has the sound-producing 
properties of a sonorous body of large area. 

If the tube is lengthened or shortened a trifle, the re- 
flected condensations and rarefactions do not issue at the 
mouth at the proper time to combine with those of the same 
phase produced by the fork in the air without the tube, 
and consequently they act against each other, causing an 
enfeeblement of the sound (421). 

438. Length of Air-Column. — The fork in swinging 
from a to 6 makes one-half of a vibration. During that 
time, if the condensation travels from A to B and back 
again, then AB must be one-fourth of a wave-length. If 
AB be three-fourths of a wave-length, then the first 
condensation which passes down the tube will return in 
time to unite with the one produced by the prong as it 
begins its second vibration. Any odd multiple of the one- 
fourth of a wave-length will reenforce the sound. (Why?) 

It must be borne in mind that both theory and experi- 
ment show that the length of the air-column which will re- 
enforce a sound is affected by the diameter of the column. 
The column shortens on increasing the width, the true 
length being given in the case of cylindrical columns by 
increasing the length by about two-fifths of the diameter. 



TI. VELOCITY OF SOUHD. 
429. History of the Problem. — It has long been 
known that sound is not propagated instantaneously. 
The first reliable experiments made to determine the 
velocity in air were those of a commission of the French 
Academy appointed in 1738. In 1822 another com- 
pany of physicists undertook a series of observations 
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to solve this problem. The method of pioeedure was to 
divide into two parties, each provided with a good chro- 
nometer and a small cannon. Each party recorded the 
interval between the observed flash of the c iiinon and tbe 
report. An average of a lai^ number oi observations 
gave as a result 1118.152 feet per second at a temperature 
of 16° C The defect in the method is that the percep- 
tions of sound and of light are not equally quick, and vary 
with different persons. Regnault, however, has succeeded 
in solving the problem, by a method free from these 
sources of error. Electrical means of recording the obser- 
vations were employed, and as a result, a velocity of 332 
metres, or nearly 1090 feet per second, at 0° C. was 
obtained. 

430. Velocity in Gases. — Since the velocity of propa- 
gation of a wave through any medium varies directly as 
the square root of the coetBcient of elasticity and inversely 
as the square root of the density (405), it follows that 
sound travels four times as fast through hydrogen as 
through oxygen under the same pressure, the density of 
oxygen being 16. If a gas be subjected to pressure, its 
elasticity and density will change at the same rate, and 
consequently the velocity of aound in the gas will not be 
affected. Since heating a gas increases ita coefficient of 
elasticity, it will also increase the velocity of sound. Ex- 
periment and theory show that the correction is 0.6 metre, 
or neai'ly two feet, for each degree centigrade. 

431. Velocity in Liquids. — Colladon and Sturm in 
1827 conducted a series of experiments in the water of 
Lake Geneva, and found that sound travels in water at 
the rate of 1435 metres per second at 8° C. Subsequent 
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experiments made at higher temperatures show that the 
Telocity is considerably affected by changes of tempera- 
ture. Such great velocity is due to the high elasticity of 
water as compared with its density. 

432. Velocity in Solids. — Solids, like liquids, have ^ 
high coefficient of elasticity, and accordingly transmit 
sound with great rapidity. In iron, sound has a velocity 
of 16,820 feet per second ; in glass, 14,860 feet per second ; 
in lead, a metal of low elasticity, only 4,030 feet per 
second 



1. The flash of a cannon was seen, and tea seconds later tbe re- 
port was heard ; how far off was the cannon, the temperature being 
70° F. ? 

2. A stone dropped into the mouth of a mine was heard to strike 
the bottom in two seconds ; how deep was the mine? 

5. Why is the echo weaker than the ori<;inal sound ? 

4. Does sound travel faster at the foot of a moontain than at the 
topP 

6. What Is tbe velocity of sound in coal gas at 0° C, the density 
being 0.6 P 

6. What must be the temperature of air in order that sound may 
travel in it with the same velocity as in hydrogen at 0" C. P 

Vn. INTERFERENCE. 
433. Combining Waves. — Exp. — Fasten one end of a 
soft cotton rope, about 20 feet long, to a suitable support. Hold- 
ing the other end in the hand, start a wave, or pulse, in it by a 
quick moveiaeut up and down. The wave will travel along the 
rope as an elevation or crest, and on reaching the fixed end will 
he reflected, retuining to the hand as a depression, or ti'ough. 
AI the moment the wave is reflected at the far end, start a 
second wave. These will meet near the middle of the rope. The 
returning wave will lend to move this point downward and the 
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ftdrancing wav* to cany it upward. If these forces are eqtial, the 
point will reqiain at rest; but if not, its motion will be proportional 
to the difference. 

The experiment illustrates this principle: ^f two 
w4fcp ^«s* simultaneouslt/ through, the same medium, tJie 




Fie. 207. 

actual motion of each particle is the resultant of the motions 
due to each system separately ; it equals their sum when the 
directions of motion are the same, and their difference when 
they are opposite. 

Let the first two curved lines (Fig. 207) represent two 
wave-motions in the same medium, having the same am- 
plitude, but differing in wave-length. The heavy line 
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will represent the resultant wave, the points being de- 
termined in the following manner: A"a" ^^-'A'a' -\- Aa, 
B"h" = B'h' + Bh, C"c" = C'c' + Oc, etc. A study of the 
figure shows that sometimes the two waves act together, 
resulting in an increased ampUtude, while at other times 
the motions impressed on the particles are opposite in 
direction, thereby reducing the amplitude. 



434. Interference is the result of two wave-motions 



! time. If two sound- 



traversing a medium at the ; 
waves of equal amplitude 
meet in opposite phases, 
the result wiU be an ex- i 
tinction of sound. This 
is illustrated by the follow- 
ing experiment: 

Szp. — Hold a, vibrating tun- 
ing-fork over a cylindrical jar, 
serving as a i-esonator. Turn 
it slowly I'ound ica axis, and 
notice that in cei'tain positions 
it is nearly inaudible. When 
in one of these positions slide a 
small paper cylinder over one 
prong (Fig. 208), being careful not t 
restored. 

Each prong sends a set of waves down the jar. When 
one prong is a little further removed from the jar than the 
other, the two sets of waves will not reach the bottom in 
the same phase. Hence, the two wave-motions act against 
each other, producing either partial or total extinction 
of sound. The correctness of this explanation is shown 
by the restoration of the sound when the waves from one 
prong are cut off by the paper cylinder. 



r,g. 208. 

The sound will t 
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436. Beats. — Itxp. — Select two large tuning-forke giving tho 
Bame tone. ' When the forks are set in vibnition, the sound Is smooth 
M if only one fork were sounding. Fasten a piece of wax to a prong 
of one of the forks ; the sound wilt be marked bj a peculiar palpi> 
tation or unsteadiness. 

These outbursts of sound, followed by moments of 
comparative silence, are called Beati. 

436. Number of Beats. — Let two sounds be produced 
by 100 and 120 vibrations per second, respectively. Then 
the first takes xS^th of a second for one vibration, and the 
other, liirth of a second. When the first has made one 
vibration, the second has made as many as tJit is contained 
in 1^7(1 or H8 = H- Hence, it appears that the second 
gains |th of a period during each vibration of the first, and 
at the end of 2^ vibrations on the part of the first, the 
second will be 5 of a vibration in advance, that is, will 
be in exactly the opposite phase, producing rarefactions, 
while the first is producing condensations. This will evi- 
dently destroy the sound, if the amplitudes are equal, or 
weaken it, if they are unequal. During the next 2^ vibra- 
tions, the second will gain another half vibration, and will 
be iu the same phase as the first. For every 5 vibrations 
made by the first, there is then one beat, and ^^'^ ^ 20 per 
second. But 120 — 100 ^ 20, Therefore, the number of 
beats per second due to two sounds is equal to the differ- 
ence of their vibration-rates. 



Tin. SYMPATHETIC VIBRATIONS. 

437. Forced and Sympathetic Vibrations. — Bsp. — 
Construct two pendulums to vibrat« in the same time, using a heavy 
ball and alight one for bobs. Suspend them from the same support 
and act the heavy one Hwingmg; the other one will soon be^n to 
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Tibrate. It jou lengthen or shorten the light pendulum it will not 
so readily acquire the motion. 

Bip. — Place on the table, a few feet apart, two tuning-forks 
of the same pitch. If you keep one of them in violent vibration for 
a short time you will discover, on stopping it, that the second fork 
is vibrating'. If the experiment be repeated, with the pitch of one 
of the forks slightly changed by cementing a small weight to one 
prong, no such effect will be obtained. 

These experiments prove that an elastic body can be 
thrown into vibration by another one whose vibrations 
have considerable energy, feebly, when they do not agree 
in time, and strongly when they do. The first illustrates 
what are called Forced Vibrations, and the second Sympa- 
thetic Vibrations. 

438. Explanation. — When two bodies of the same 
vibration-rate are placed near each other and one of them 
is set vibrating, the motions of the first are communicated 
to the second by the material medium connecting them. 
The pulses in the medium reach the second body at inter- 
vals corresponding to its vibration-period, and their efEeet 
is cumulative, each impulse arriving just in time to add to 
the movement. If the two bodies do not vibrate in equal 
times, the impulses from the first will not agree in phase 
with the motions started in the second body and the dis- 
turbance can not accumulate. 

439. Illustrations. — The sonnding-board of a piano 
and the membrane of a banjo are forced into vibration by 
the strings stretched over them. The two prongs of a 
tuning-fork naturally vibrate at slightly different rates 
on account of unavoidable differences of size ; but being 
connected at the stem, the faster one tends to accelerate 
the slower one, and the slower one to retard the faster. 
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the result being that they agree in rate. Objects in a 
room often respond tii certain notes of the piano, the effect 
being generally to cause a tingling sound as if there was a 
loose pin on the sounding-board. 

IX. PITCH. 
440. Musical Sounds are those which are pleasant to 
the ear, and are caused by regular periodic vibrations. A 
Noise is a disagreeable sound, either because of its short 
duration, as the report of a gun, or because the vibrations 
producing it are not periodic, or because it is a mixture of 
several discordant sounds (464), as the clapping of the 
hands. 

Ezp. — Attach a rose gas-burner to a metal pipe about 15 in. long, 
and connect it to the gas service with a rubber tube. Light the gas 
and notice the rustling sound attending its burning. Now hold a 
large tin tube, severnl feet long, over the burner. At a certain posi- 
tion of the flame within the tin tube, a sound like that of an organ- 
pipe will be obtained. With tubes of different lengths, the sounds 
will be of different pitch. 

The experiment shows that 
the rustling of the flame is 
due to the mixing of many 
different sounds, the exist- 
ence of which is proved by 
their reenforcement by the 
different air-columns, 

441. Pitch. — Bip. — Cut a 
cardboard disk 15 cm. in diame- 

tfer. Draw on it four coneentrie 
circles, having the diameters 13, 
11.6, 10, and 8.5 cm. respectively. 
Divide these circles into 48, 36, 30, and 21 equal parts respectively 
(Fig. 209). At the points of division cut round holes .6 cm. in 
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diameter. Moant the disk on the spindle of a whirling machine, and 
rotate it rapidly. With a glass tube direct a steady stream of air 
against one of ihe rows of holes. A different musical sound is 

produced for each circle. 

Such an apparatus is called a Siren. The sounds are 
due to vibrations set up in the air by the regular succession 
of air-puffs passing through the holes as they cross the 
stream of air from the tube. /The number of puffs per 
second will differ for the different circles of holes and also 
with the speed of the disk, thereby causing a difference in 
the number of sound-waves produced per second, or a 
difference of Pitch. The pitch of a musical sound is de- 
termined by the number of vibrations made by the body 
in a second. When the number of vibrations per second 
is very great, the pitch is acute ; when small, grave. 

442. Limits of Audibility. — The limits of perceptible 
pitch vary with the individual. According to Helmholtz, 
there must be at least 30 vibrations per second to produce 
a continuous Bound, and when the number exceeds 38,000, 
it becomes inaudible. Other experimenters have placed 
the limits at 16 and 41,000. Most musical sounds are 
comprised between 27 and 4,000 vibrations per second. 

443. Vibration-rat© Measured. — The exact meas- 
urement of the vibration-rate of a sonorous body is a diffi- 
cult matter. One of the simplest methods is by the use of 
the siren. The siren disk is given such a speed that the 
sound obtained is judged to be of the same pitch as the 
sonorous body in question. The number of revolutions 
made by the siren per second, multiplied by the number 
of holes in the circle used, will be the number of vibra- 
tions per second produced by the body. 
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444. Belation of Pitch to Wave-length. — If atuning- 
fork makes 256 vibrations per second, and in that time a 
Bound-wave travels 1,100 feet, then the first wave formed 
will be 1,100 feet from the fork, on the completion of the 
256tli vibration. Hence, in 1,100 feet there are 256 waves, 
and the length of each is ^j^ feet. Therefore, wave-length 
equals velocity of sound divided by vibration-rate, that ia, 

I ^ —,in which v is velocity, I wave-length, and n vibra- 
tion-rate. 

445. Intervale. — When two not«a differ in pitch they 
are said to be separated by an Interval, the value of which 
is obtained by finding the ratio of their vibration-rates. 
The most important interval is the Octave, the numerical 
value of which is 2 ; the next is the Fifth, the value of 
which is f ; then follow the Fourt.k, the Major Third, and 
the Minor Third, equal to 4- Ji and f respectively. 

446. The Osmut or Diatonic Scale is a series of eight 
notes which succeed each other with gradually increas- 
ing pitch, the two extremes being an octave apart. The 
first, or lowest note, is called the Key-Note, and the last is 
regarded as the key-note of another set of eight notes. In 
this way the series is repeated till the limit of pitch is 
reached or a sufficiently extended scale is obtained. The 
tones comprised in each octave are named C, D, E, F, G, 
A, B, C. The initial note of such a series may be given 
any pitch at pleasure. Physicists have agreed to assign to 
C (the "middle C" of a piano) 256 vibrations per second. 
In music there is no legal standard of pitch ; that in gen- 
eral use in this country assigns to C 261 vibrations per 
"-cond. 
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447 . The Diatonic Boale aooountod for. — It is found 
that when three Dotes whose vibration-numbers are as 
4:5:6 are sounded together, a pleasing effect is pro- 
duced on the ear. Such a combination of notes is called a 
Major Triad ; and together with the octave of the lowest 
of the three they constitute a. Major Chord. The major 
diatonic scale is built on three sets of such chords. Repre- 
senting by C the first of such a series, and assigning to it 
256 vibrations, then the second will have J X 256 = 320 
vibrations, the third one J X 256 = 384, and the fourth 
2 X 256 = 512. These are called C, E, G, andC. Now 
if we make G the first of another series of four, the second 
will have | X 384 = 480 vibrations, the third J X 384 = 
576, or 288 when reduced by an octave, the fourth 2 X 
384 = 768. The series now stands as follows : 

266 288 820 884 480 512 
O D E & B C 

It is evident that the intervals from E to G and from G 
to B are much larger than that between any other two 
consecutive notes. If we make C' the third note of a 
major chord, we have for the first note J X 512 = Ml\, 
and for the second ^ X 512 = 426f, which fitted into the 
series complete it as follows : 

Vib. No. . . 256 288 320 341J 884 426f 480 512 
Name ...CD BFGABC 

Vib. Ratio . . C |C JC 40 jC JC yC 2C 

Interrals * V H J V I ii 

It is also found that three notes whose vibratiou-rates 
are as 10 ; 12 : 15 produce, when sounded together, an 
effect but little less agreeable than the major triad. Such 
a combination, together with the octave of the lowest, 
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constitutes a Minor Chord. The minor diatonic scale is 
built up in a manner similar to the major scale. 

448. Intervals of the Diatonic Scale. — An examina- 
tion of the table in the last article shows that there are 
three different intervals in the diatonic scale, and that they 
succeed each other in a certain order. In preparing this 
series of notes, C was chosen aa the kej-note. Now if 
some other note, as D, be chosen as the key-note, and we 
multiply it by f to obtain the next note, we have a note 
of 5 X 288 = 824 vibrations, which differs slightly from E. 
Again, if we multiply 324 by Y- we have 360, a note 
differing widely from any note of the series. If we mul- 
tiply 360 by \^, we have 384, which is note G. If we take 
other notes of the aeries as key-notes and proceed in this 
way, we shall see that if this order of intervals is to be 
maintained in every key, several new notes must be 
interpolated in the series. Again, if the minor chords 
are to be provided for, it will be necessary to introduce 
several additional notes. These new notes are designated 
as the Flats or Sharps o£ those between which they lie, 
and are obtained by raising (sharping) or lowering (flat- 
ting) these notes by the interval |{. 

449. The Chromatic Scale. — The interpolation of 
notes as described above increases the number of notes to 
such an extent — seventy-two to the octave — as to be 
unmanageable in the practice of music, particularly in 
the case of music designed for such instruments as the 
piano, where each note is fixed. It becomes necessary, 
then, to reduce the number of notes by changing the 
values of the intervals. This process is called Tempera- 
ment. Of the several methods proposed by musicians, 
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that of Equal Temperament is the one generally adopted. 
It makes all the intervals from note to note equal, inter- 
polates only one note in each whole tone of the diatonic 
scale, and thus reduces the number of notes in the octave 
to twelve. This scale of twelve notes is called the Chro- 
matic Scale. 



1. How many beats are pi-oduccd in a second by two notes whose 
rates of vibration are respectively 291 and 388 P 

2. What is the wave-length for a note due to 538 vibrations per 
second at 16° C. P 

3. Determine the pitch of a note from the following data; 
Number of holes in siren disk 36 ; number of revolutions in 10 sec. 

when in unison 84. 

4. A piano is usually tuned so that C is 261 ; find the pitch for 
each note of the gamut. 

5. Why is there a rise in pitch of a looomotice whistle when 
the train is rapidly approaching, and a con'esponding fall when 
moving away from youP 

6. A tuning-fork is held over a, tall glass jar, into which water 
is gradually poured until the maximum reenforcement of the sound 
is produced. This ia found to be the case when the length of the 
column of air is 64.8 cm. What is the vibration -number of the fork, 
the temperature being 16° C. P 



X. TIBRATIOirS OF STRINGS. 

450. Modes of Vibration, — Of the three ways in 
which strings may vibrate, the transverse vibration is 
the most important. When used for the production of 
sound, strings are fastened at their ends, stretched to the 
proper tension, and made to vibrate either by drawing a 
violin bow across them, striking them with a light ham- 
mer, or plucking them with the lingers. An examination 
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of aoj stringed musical instrument, as a violin, will make 
it evident that by varying the tension, the length, or the 
mass of the wires or strings, tones of any desired pitch 
can be secured. 

461. Laws of StrinBB. — In order to study the laws 
obtaining in the case of strings, an instrument called a 
/Sonometer is used (Fig. 210). This may be nothing more 
tlian a wooden box about 150 cm. long, 15 cm. wide, 
and 10 cm. deep. The material should be pine, free 
from pitch, straight-grained, and about 1 cm. thick, except 
the top, which may be 5 mm. thick. The ends should be 




Tig, 210. 



of hard wood, well seasoned, and have a thickness of 
about 25 mm. Near the ends are triangular pieces of 
hard wood, to serve as bridges across which to stretch the 
wires. The distance between them should be 120 cm. In 
one of the head-pieces are inserted two stout pins and in 
the other two piano posto for changing the tension of the 
wires. On the same end is a small pulley for one of the 
wires to draw over, the tension being measured by 
attached weights. Beneath the wires is a scale graduated 
to half centimetres. 

Exp. — Stretch a wire on the sonometer ttnd then tune it till the 
pitch of the Bound is that given by the inner row of boles of the 
siren. Now shorten the string ooe-half by means of a movable 
bridge ; the sound will be found in unison, agreeing in pitch, with 
that given b; the outer row of holes of the siren. Shon«ii it a fifth ; 
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Qtt sound will be in tmison with that givea bj the next to the inner 
row. Shorten it a third ; the sound will he in unison with that given 
bf the next to the outer row. Hence, 

The Law of Lengths. — The tension and the diameter 
being constant, the vibration-number varies inversely at the 
length. 

Ezp — Stretch equally two wires of the same material having 
different diameters, and by meana oi a movable bridge shorten the 
heavier wire tiil it sounds in nnison with the finer one. If we meas- 
ure the diameters of the wires, we shall find that the ratio of these 
diametersis the inverseofthatof their lengths.thatis, ^ — y. But 
j-^= — . that is, L, the length of the shortened large wire, is to /, the 

length of the whole wire, as S, the number of vibrations mode by 
the whole wire, to n, the number made by the short wire, or, what 
is the same tiling, the number made bj the small wire. Therefore, 
^ = ^. Hence, 

The Law of Diameters. — The tension and the length 
being constant, the mbration^^umber varies inversely as the 
diameter. 

Bxp. — Stretch two wires of the same size with unequal but 
known weights. By means of the movable bridge placed under the 
wire of lower pitch, put the wires in unison. If we compare the 
length with the tension, it will be found that -j = ^^, in which T 
and I represent the tension. But as shown in the last experiment 
^=^. Therefore, :^ = =^. Hence, 

The Law of Tensions. — The length and the diameter being 
constant, the vibration^umier varies as the square root of the 
tension. 

Bzp. — Stretch equally a brass and a steel wire of the same diam- 
eter. By means of the movable bridge imder the wire of lower 
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' pitch, pitt the wires in unison. If we compare- lengths with densities 
of material ^¥e shall find that ■- = —.. in which s and S repre- 
sent densitieB. But i = — . Therefore, — = ^1. Hence, 

The Law of Densities. — The length, tension, and diameter 
being constant^ the vibration^number variet inver»ely as the 
square root of the density. 

452. Applioations. — In the pinno, violin, harp, and 
other stringed instruments, the pitch of each string is de- 
termined partly by its length, partly by its tension, and 
partly by its size. The tuning is done by varying the 
tension. 

XI. OVERTOirXS AND HAHHONICS. 
463. The Fundamental Tone of any vibrating body 
may be defined as the lowest tone that the body can give. 
It is produced when the bodj' vibrates as a whole. In the 



ease of a string, its appearance is that of a single spindle 
(Fig. 211) whilst sounding its fundamental tone. 

454. Nodes, Antinodes, etc, — Bip. — Attach a thread to 
the end of one of the prongs of a large tuning-foric. If sueli a fork 
cannot bp had, it may be attached to the midclle of one of the sonom- 
eter wires. Fasten the other end to a small rod held in a suitable 
damp, Eo that the length and the tension may be varied at pkasure. 
Now set the fork in vibration, and vary both tension and the leagth 
of tlje string till it vibrates in a uumberof parts, giving ittbe appear- 
ance of a succession of spindles (Fig. 212). 
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The pulse started along AB by the fork is reflected at 
£, and, meeting new pulses on its return, produces points 
of no vibration at N, N, called Nodes. The points V, V, V, 
are those of greatest vibration, and are called Antinodes. 



Tlie portion of the wave from node to node, as Alf, is 
called a Ventral Segment, and that from node to uitinode, 
as AV,9. Semi-Ventral Segment. 

455. OvertoneB ajid Harmonics. — Bxp. — Stretch s wire 
OQ the sonometer and set it in vibi-ation bj plucking or bowing it near 
one end. The tone heard most distinctly is its fundamental. Touch 
Uie wire lightly at its middle point. Instead uf stopping the sound, 
a note an octave higher will be heard, showing that the wire is 
vibrating in two parts. If the wire be again pluuked, both sounds 
can be heard together. Touching the wire one-third from the end 
brings out a tone an octave and a S&h higher, showing that the 
vire vibrates in three parts at the same time that it is vibrating as a 
whole. With a long string, it is possible to prove that a still further 
Bubdivision of a vibrating string takes place. In conducting such 
experiments, care must be eierciaed in selecting the point at which 
the string ia plucked, for it is evident that there can be no node at 
that point. 

The tones produced by sounding bodies vibrating in 
parts are called Overtones or Partial Tones. If the vi- 
bration-rate of an overtone is an exact multiple of ihe 
fundamental, it is often called a Harmonic. In strings 
the overtones may be harmonics, but in vibrating plates 
and membranes they are usually not so. The overtones 
are named First, Second, Third, etc., in the order of 
their vibration-rates as compared with that of the funda^ 
mental. 
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Xn. TIBRATIOn OF AIR IN TU^IS. 

456. Gaees ae Sonoroue Bodies. — It was seen in the 
use of the rescmator that gases can be thrown into vibra- 
tion when they are confined in tubes, and tbus become 
sources of sound. Such a column of gas can be set in 
vibration in two ways : By a vibrating tongue, as in reed 
instruments, or by a stream of air striking against the edge 
of a lateral opening in the tube, as in the whistle, flute, etc. 

457. LawB for Air-Columns. -~'E!zv-~~-Selecta gl&ss tube 
of about 2 cm. diameter and 3U cm. long. To one end fit loosely a 
cork piston on the end of a utout wire. Flatten the end of a piece of 
brass tubing, and by means of it direut a stream of air across the 
mouth of the glass tube. If the position of the piston, as well as the 
force of the blast, be riglit, (he tube will yield a pure tone. If we 
shorten or lengthen the air^column by moving the piston, the pitch 
of the tone will rise or fall accordingly. If we determine by trial 
the different lengths necessary to give the gamut, a comparison of 
them will give the continued ratio, 24 ; 27 : 30 : 32 : 36 : 40 ; i5 : 48, 
(447) showing that — 

. The pitch varies inver»ely as the length of the air-^umn, 

Wee- — Prepare two glass or paper tubes, 20 and 10 cm. long, re- 
spectively, and about 2.6 cm. diameter. Iluld the hand over one end 
of the shorter tube, and blow across the open end so as to produce its 
lowest pure tone. A comparison of this tone with that obtained by 
blowing across one end of the longer open tube will show that the 
pitch is the same. Since the open tube has twice the lengtJi of the 
closed tube when the pitch is the same, it follows that 

The pitch of a closed tube m an octave below that of an 
open one of the »ame length. 

458. State of Air in Sonnding-Tubes. — E^p— Frocnre 
a small Organ-Pipe, made either of glass or with one glass side 



>;,l,ZDdbyC00g[l,; 



(Fig. 21SI), and a small wire ring covered wilh thin paper. Sift 
a liltle fine sand ovev tlie puper membrane, and let it down by a 
thread into the tube supported Tertically. Blow gently tbiMugh the 
moutli-piece, producing the fnndameDlal tone. At the same time 
move the ring up and down within the tulie. 
The sand will be agitated the least when the 
membi-ane is near the middle of the tube, and the 
agitation increases as the membrane approaches 
either end. 

Hence, when an open tube i» sounding its 
fundamental, there is a node at the middle 
of the tube, and an antinode at each end. 

If we close the end of the tube with a 
pAf orated cork, and again search for 
nodes, we shall find that the only node in 
a stopped tube sounding its fundamental is 
at the inner surface of the cork, and that 
there is an antinode at the other end of 
the tube. 

469. Overtones. — Bip. r— Blow a strong 
blast across the end of the longer tube used in 
Art. 4o7, and notice that notes of higher pitch 
than the fundamental are produced. 

These tones of higher pilch are Overto/ies, 
caused by the air vibrating in parts or segraents. 
In proof of this, insert a piston in the tube, and 
by means of it shorten the aii--column till it gives 
as its fundamental the overtone previously ob- 
tained. 

Since there can be no vibration of the air at the surface 
of the piston, it must mark a node, and since the tone ia 
unchanged by the pressure of the piston, there must have 
been a node at that point before the introduction of the 
piston. 
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460. IiawB of Overtones. — An inspection of Fig. 214 
will show that the following laws for overtones obtain : 

I. Jn open pipes the complete series of overtones is 
possible. 

II. In closed pipes otiiy those overtones are possible whose 
vibratioTMrates are 3, 5, 7, ete,, times tke fundamental. 
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In Fig. 214 A represents the open pipe giving tlie fun- 
damental; B represents the first overtone of A, and 
there is a node one-fourth from the end of the pipe ; C 
represents the second overtone of A, and there is a node 
one-sixth from the end of the pipe. D represents the 
closed pipe giving the fundamental ; H represents the 
first overtone of D, and there is a node one-third from 
the end of the pipe ; F represents the second overtone 
of D, and there ia a node one-fifth from the end of the 
pipe. 
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Zm. QITAUTT OR TIMBRE. 
461. Quality. - — It has been shown that sonorous bodies 
can vibrate as & whole, and at the same time in parts, 
thereby giving to the sound a complex character, the 
sound-waves produced being the result of compounding 
the fundamental with its overtones. The form of the 
aound-wave will evidently depend on the relative phase'' 
and intensity of the overtones present, and this resultant 
wave-form will determine the Quality of the tone. 

402. Applioationa. — Every one has doubtless noticed 
that sounds of the same pitch and intensity often differ 
so widely in character that there is no difficnlty in dis- 
tinguishing them ; for example, the A of a piano is easily 
distinguished from the A of a flute, violin, or tuning- 
fork. The difference is due to the series of overtones 
present in each case. Voices differ for a like reason. 
Violins differ in sweetness of tone, for the reason that 
the sounding-boards of some bring out the overtones 
more perfectly than others. Voice culture consists in 
training and developing the vocal organs to the end that 
a better production of overtones may be secured and a 
greater richness be thereby imparted to the tones. Often 
in the reflection of sound by distant objects its character 
is greatly changed, owing to the suppression of overtones 
in the process of reflection. 

463. Complex Character Proved. — Helniholtz was 
the first to demonstrate the correctness of the explana- 
tion given for quality in the preceding articles. He 
constructed a series of resonators, consisting of hollow 
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metftUic globes (Fig. 215) of different sizes, provided with 
two apertures of unequal diameters. Tlie air witliin the 
globe has only one vibration-rate natural to it, and that 
depends on the cubic contents and the size of the orifices. 
The series of resonators used comprised one that leen- 
forced a certain fundamental tone and one for each of 
its overtones. By placing these resonators successively to 
the ear, when a tone of the pitch 
of the fundamental is sounded, 
the presence of any of its over- 
tones is made evident by the 
• resonator responding. Proceed- 
ing in this way, Helmholtz was 
enabled to demonstrate that quality 

of sound is determined by the 
Hb. jb. , •'. 

overtones present ; that to give a 

tone richness and sweetness the first four or five overtones 
are essential. 

Helmholtz also proved that any quality of sound may 
be built up by combining a tone with its overtones. To 
do this he employed a set of tuning-forks, kept in vibra- 
tion by electro-magnets. The set consisted of ten forks, 
nine of which sounded the overtones of the tenth. Each 
fork was provided with a resonator to strengtlien its 
sound. By means of a set of keys any particular resona- 
tor could be brought into action, and the sound of the 
fork made audible at a distance. 



1. A BtriDg BOQndtDg C is 18 inches long; bow much must it be 
lengthened to sound the note DP 

2. A string stretched by ft weight of 4 lbs. sounds a certain note 
C J what weight will be needed to sound the F ot the scale ? 
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3. A stretched string 10 feet long is in unison with a tuning-fork 
marked 266 ; the string is shortened 4 ft. ; how often will it now 
vibnkte ill A second P 

4. A string is fastened at one end to a peg in a horizontal board, 
and the other end passes over a pulley and carries 16 lbs. The 
string gives the note C. What weight must be used instead of the 
16ibs, so that the string will give the octave below? 

5. A wire stretched by a weight of 13 kilos sounds a certain not«. 
What must be the stretching weight to produce the major third? 

6. Compute the lengths of open pipes necessary to give the tones 
of a major chord at a temperature of 16° C, calling C = 256. 



XIV. HARMONY AND DISCORD. 

464. Consonance and Dissonance. — ■ Two musical 
sounds of the same vibration-rate are said to be in Unison, 
and their combination produces a smooth and pleasant 
tone. When two notes differ in pitch and their combina- 
tion is agreeable to the ear, they are said to be Consonant ; 
when disagreeable, Dissonant. 

465. Cause of Dissonance. — Helmholtz proved that 
dissonance is due to beats (435), and is governed by the 
following rule : 

^ the number of beat» per second between the fundamen- 
tals of the two tones, or between their overtones, or between 
the overtones of the one and the fundamental of the other, it 
between 10 and 70, dissonance will occur. 

He found that maximum dissonance was caused by 
about 30 beats per second, and that consonance was ad- 
missible at 70, and all roughness disappeared at about 
ISO. ' 

To illustrate the above rule, let us apply it to the notes 
C and D, C and E, and C and G. 
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4th » 


1280 


1440 


1280 


1600 


1280 


1920 


5th •' 


1536 


1728 


1636 


1920 


15S6 


2304 


6th " 


1792 


2016 


1792 


2240 


1792 


2688 


7th " 


2048 


2304 


2048 


2660 


2048 


3072 



Comparing these tones, we find a difference of 32 between 
the fundamentals C and D, showing 32 beats. This will 
be strengthened by 64 between their first overtones, also 
by 64 between the fiftli overtone of D and the sixth of C, 
and also by 32 between the sixth of D and the seventh 
of C. Hence, the tones C and D will yield maximum dis- 
sonance. 

The fundamentals C and E give 64 beats, which is sup- 
ported by 64 between the second of E and the third of C, 
and also by 64 between the fourth of E and the fifth of 
C. The result is a slight dissonance, or an imperfect 
consonance. 

Between C and G there is no case of less than 132 
beats ; and we have in them no perceptible dissonance. 

XT. YIBRATIKG RODS, PLATES, AND BELLS. 
460. Vibration of Bods. — Rods of metal, of wood, 
and of glass may be made to vibrate either transversely 
or longitudinally. The former mode may be produced 
by fixing the rod and drawing a violin bow across the 
free end, or by striking it with a suitable hammer; 
the latter by clamping the rod at the middle and strok- 
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ing it lengthwise with a cloth dusted over with pow- 
dered resin. The Jew's harp, music box, and gong of a 
clock, when made o£ 
coiled wire, are illus- 
trations of vibrating 
rods clamped at one 
end. The tuning- 
fork may be regarded 
as an elastic bar free 
at the ends, and sup- 
ported in the middle 
by a stem which is 
subject to all the 
motion of the middle 
of the ventral seg- 
ment, giving it an up and down motion which is trans- 
mitted to the supporting sounding-board (Fig. 216). The 
ovei-tones possible are of very high pitch and feeble in- 
tensity, and soon vanish, 
leaving the tone pure. 



(he pitch 
A study of these 



467. Vibration of 
Plates. — Bip. — Suppoit » 
square brass plate as shown 
in Fig. 217. Scatter & little 
fine sand evenly over it, 
touch the plate at some 
point with the finger, while 
a violin-bow is drawn across 
the edge. The plate is thrown 
into vibration, the sand ar- 
ranging itself Id symmet- 
rieal figures whose complexity 
her. 

figures makes it clear that the 

,. ;) , Cookie 
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plate vibrates transversely in segments, the sand being 
thrown to places of least vibration which lie between 
parts having opposite motions. The an-angement of 
nodal lilies is determined by the relative position of 
the point bowed to that pressed by the finger. This 
method of studying vibrating bodies was firat employed 
by Chladni. 

468. Vibration of Bells. — Bbtp- — Draw a violin-bow across 

the t'ilge ofaliirge bell or goblet nearly full of water. It will jielil 
a musical simnd, and at the same time the surface of the fafer will 
be covered with ripples proceeding from the several segments into 
whith the vibrating body is divided. 

The lowest tone is obtained when the bell divides into 
four segments, the pitch rising with the number of seg- 
ments. Powdered sulphur sifted evenly on the water will 
render more conspicuous the position of the nodes. 

XVI. GRAPHIC AND OPTICAL STUDY OF SOUKD. 

469. Qraphic Methods of studying sound are of ser- 
vice in determining tiie vibration-rate of sounding bodies. 



In one of the simplest a small style is attached to the 
vibrating body and traces its movements upon a piece 
of smoked paper or glass, which moves regularly beneath 
it. Generally, the paper is wrapped around a cylinder, 
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mouiited on an axis, one end of which has a screw-thread 
on it, 80 that when the cylinder turns it also moves 
axially (Fig. 218). If the vibrating body is a fork, by 
measuring the time and counting the number of sinuosi- 
ties in the line traced on the cylinder, the rate of the fork 
is easily ascertained. 

470. The Phonograph is an apparatus invented by 
Edison for reproducing sound. Its essential features are: 

1. A mouth-piece into which the speaker talks. At 
the bottom of this is a 

thin elastic disk cany- 
ing a sharp graver on 
its under side. 

2. A metallic cyl- 
inder mounted on 
a screw axis and ar- 
ranged for regular 
rotation, either by a 
crank or an electric 
motor. 

3. A hollow cylin- 
der of wax, covering 
the metallic cylinder, 
in whicli the graver, 
moved by the sound- 
waves striking the Hf. ma. 

elastic disk, cuts a shallow furrow varying in depth with 
the wave-form. 

To reproduce the sound a smooth rounded style, at- 
tached to a thin disk, follows the furrow as the cylinder 
is turned, and the indented bottom imparts to the style 
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and disk vibrations similar to those which caused the 
indentations. 



471. Manometrio Flames.— Exp. — Cut outof aboard, 2.S 
cm, thick, astrip4cm. wideand2''ium.long. Near one end bore a hole 

2.5 cm. in diameter, half way through it. Cut a second piece of the 
same width and 6 cm. long, and bore into it h similar hole. Screw 
these two pieces together so that the two holes face each other, 
separating them, however, by a membrane of gold-beaters' skin, thus 
forming a box divided 
into two parts by this 
elastic partition. Fasten 
the long strip to a suita- 
ble board for a support 
(Fig. 219). Bore into 
the box three holes, two 

other. Into the latter ce- 
ment a glass tube for the 
purpose of attaching a 
sliort rubber tube lead- 
ing to a tunnel -shaped 
mouth- piece. In the 
other holes cement a jet- 
tube, and a straight tube 
for making connection 
with the gas supply. 
Admit gas to the boK and 
light it as it escapes from the jet-tube. Rotate in front of it a small 
plane min'or mounted on a spindle. The image of the fiame will be 
a smooth band of light. Now sound a heavy C-fork in front of the 
mouth-piece or produce there any pure tone ; the appearance in the 
rotating mirror will be that of Fig. 220. A condensation entering 
the box acts on the membrane, compressing the gas, and thereby 
extending the fiame; a rarefaction entering it produces an opposite 
effect. Hence, a serrated band is seen in the mirror. Now sound 
a C'-fork, a simple tone an octave higher than that first used; the 
appearance is tiiat shown in Fig. 221, differing from the last In 
the teeth being half as wide. If we connect two month-pieces to 
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the bos, using a T-pipe, and sound the C-fork In front of one, and 
C'-fork in front of the other, we obtain Fig 222, the short tongues of 
which are due to C, the octave of C. The same figure is obtained 
by singing the vowel Bound o on the note B^. 

The experiment showa the possibility of analyzing 
sounds by the flame pictures they may be made to pro- 
duce. The method is due to Koenig of Paris, and has the 
great advantage of being independent of the sense of hear- 
ing. If this box or manometric capsule, as it is called, be 
attached to a Helmholtz resonator, the flame will respond 
whenever any sound is produced that affects the resonator. 
With a complete set of resonators, each with its niano- 
metric capsule, a most efficient apparatus is provided for 
the analytical study of sounds. 
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CHAPTER VII. 



I. ITS NATURE. 



472. Light is the immediate external cause of the sen- 
sation of sight. It is believed to be a periodic disturbance 
in a very subtile and highly elastic medium wliich is sup- 
posed to exist everywhere in space, even pervading the 
interraolecular spaces in matter. This medium is known 
as the Ether, and vibratory disturbances in it gives rise to 
all the phenomena of radiant energy. These disturbances 
are propagated through it as waves, not of compression 
and rarefaction, bat more like those of the rope (400), the 
direction of vibration being transverse to that of propa^ 
gation. 

473. A Luminous Body is one that emits light. Such 
a body can send light to the eye, and hence is visible. 
Bodies which emit light of themselves are said to be 
Self-Luminoug. The sun, stars, bodies heated to incan- 
descence, and matter undergoing rapid combustion are 
familiar examples. When a luminous body emits the 
light it has received from some other body, it is said to be 
Illuminated. Most of the bodies around us belong to this 
class. 

474. Media Clasaifled. — In general, when light is 
incident on a body, a part of it is reflected, a part is trans- 
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mitted, and the rest is absorbed. 5fV(WMiparCTrf bodies allow 
light to pass through them with so little loss that objects 
can be easily distinguished through them ; as glass, air, 
pure water. Tran»lucent bodies transmit light so very im- 
perfectly that objects cannot be seen distinctly through 
them ; as horn, oiled paper, very thin sheets of metal or 
wood. Opaque bodies transmit no light, as blocks of 
wood or iron. This classification is one of degree ; no 
sharp line of separation between these classes can be 
drawn. 

No body is perfectly transparent. If several layers of 
glass are superposed, the distinctness of vision through 
them diminishes with the increase in the number of layers; 
stars which are invisible at the foot of a mountain are often 
visible at the top. (Why ?) Neither is any body perfectly 
opaque, since all substances when cut into very thin sec- 
tions are more or less translucent. 



n. THE PEOPAGATIOK OF UOHT. ITS TELOCITY. 

475. Bays. — If an opaque object is placed between 
the eye and a luminous point, it hides the point from 
view, showing that light ia propagated in straight lines. 
Certain facts which will be considered in a subsequent 
article (510) make it necessary to modify this statement 
by adding the restriction, in a homogeneous medium. 

476. Bays of Light are the lines along which light is 
transmitted. These lines must be radii of spheres, since 
light is propagated as spherical waves whose origins are the 
l)oints composing the luminous body. When the source of 
light is at a great distance, the several rays comprised in a 
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bundle of them are sensibly parallel, and constitute a Beam 
of Light ; for example, in the case of light from the sun or 
stars, the distance is so great that the rays incident on any 
small object are said to be parallel. Rays of light from a 
point form a IHverffinff Pencil, and rays toward a point, 
a Convergir^ Pentnl. 

477. Shadows. — When light is incident on an opaque 
object, it is excluded from the space behind the object, 
since it is propagated along straight lines. This space is 
called the Shadow. 

478. Parts of a Shadow. — Exp- — Hold a ball between the 
flame of a lamp and & white screen. The section of the shadow 
on the screen ia not equally dark in all its parU. Now make several 
pin-holes in the screen, having at least one in the darker part, one in 
the lighter, and one outside of both. On looking through these holes 
towai'd the light, no part of the flame can be seen through any hole 
in the darker poiiion. A part of the flame can be seen through any 
hole in the lighter portion, and the whole flame can be seen through 
any hole outside of the shadow. 

Hence, the darker part of the shadow, called the Umbra, 
is due to the total exclusion of the light by the opaque 
object, and the lighter part, the Penumbra, to its partial 
exclusion. 

479. Different GaseB. — First. When the luminous 

object isa point. Let 
L (Fig. 223) be a 
luminous point, and 
AS an opaque body. 
Then the shadow 
must be bounded by 
the cone of rays. 
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AliB, tangent to the object. la this case it is evident 
that the shadow has but one part, the umbra, and that 
its cross-section is greater as the distance from the object 
increases. 

SecoTid. When the luminous object has magnitude and 
is smaller than the opaque body. Let LL (Fig. 224) be 
a luminous object, and 
AB an opaque one. 
Since each point of the 
luminous object acts 
as a radiant point, the 
eoue of light from each 
point and tangent to 
the opaque body forms 

a shadow. The space ABDC behind the opaque body 
and common to all the cones, evidently receives no 
light from LL; the parts between AC and AC, and 
between BJ) and BD', receive some light from the 
object, the amount increasing aa AC and BJy are ap- 
proached. The cross-section of both the umbra and 
the penumbra increases as the distance from the object 
increases. 

Third. When the luminous object is equal in size to 
the opaque one. 

[Let the student draw the figure and discuss.] 

Fourth. When the luminous object is larger than the 
opaque one. 

[Let the student draw the figure and discuss.] 

480. Imagres b? Small Apertures. — Bzp' — Support in 
vertical parallel planes two small sheets of cardboard, A and B 
(Fig. 22.^), In the centre of A cut a round hole about 2 mm. in 
diameter, and place in front of it, at a distance of a few centimetres. 
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a lighted candle CD. There la formed on the other sheet an inverted 
image of ihe flame. If a triangolar or a square hole is used, an 
equally distinct image of the candle is formed, showing that the 
imnge is independent of the shape of the aperture. 

Now if the aperture is gradually enlitrged. the image loses in 
distinctness of outline, gains in brightness, and gradually assumes 
the shape of the aperture. 

Hence, the definition and the brightness of the image 
are independent of the shape of the aperture, but are gov- 
erned by its size. 

481. How Formed. — Each point of the object is the 
vertex of a cone of rays passing through the aperture and 



i^-^l 



forming an image of it on the screen. These images will 
be symmetrically placed with reference to the points emit- 
ting the light, and consequently will build up a figure of 
the same form as the luminous object. Now it is evident' 
that these numerous pictures of the aperture overlap in 
forming a picture of the object, the number superposed 
at any one place determining the brightness of that 
place. The edges of the picture will, therefore, be 
less bright than the other portions, and these differ- 
ences will be more noticeable the larger the opening. 
In the case of a very large opening, the overlapping of 
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the images of the aperture destroys all resemblance of the 
image to the object, the resulting image being that of the 
aperture. 

482. lUuBtrations. — When the sun shines through 
the small chinks in the foliage of a tree, there may be 
seen on the ground a number of spots of light either 
round or oval. These are images of the sun. During 
partial eclipses of the sun such figures assume a crescent 
shape. 

In the photographer's camera, and in the eye, we have 
further illustrations of the formation of images by small 
apertures. In these cases, as will be seen in subsequent 
articles, the definition is improved by the aid of a lens 
(521). 

483. Velocity of Light. — Until 1675 it was believed 
that light travelled instantaneously. In that year, Roe- 
mer, a Danish astrono- 
mer, was engaged in 
studying the eclipses of 
Jupiter's moons, a phe- 
nomenon which takes 
place when Jupiter is 
between the sun and 
the eclipsed moon (Fig. 
226). The moon near- 
est tlie planet is eclipsed 
at each revolution. Roe- 
mer noticed that if he determined by observation the in- 
terval between two successive eclipses as seen from the 
earth at E, and from this predicted the times of all the 
eclipses during the passage of the earth from E to E\ 
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the eclipses fell constantly more and more behind, till at 
E" the delay was about 16.5 minutes. If, on the other 
hand, the eclipses were predicted from the time when the 
earth was opposite Jupiter, he found that they occurred 
before the computed time. Roeraer's explanation of the 
whole phenomenon is, that when the earth is at E", 
the light received from the sun by way of the planet 
travels the diameter of the earth's orbit farther than 
when the earth is at E, and that the 16.5 minutes are 
consumed in traversing this increased distance. This 
assigns to light a velocity oE about 186,000 miles per 
second. In 1849, Fizeau, by an ingenious device which 
enabled him to measure extremely shoii; intervals of time, 
determined the time required for light to travel over a 
known" distance on the earth's surface. Foucault, in 1850, 
showed not only that light occupies a measurable time in 
travelling any given distance, but also that the velocity 
varies with the medium. These experiments have been 
repeated by other investigators, and the results, as 
summed up by Prof. William Harkness, show that the 
velocity of light in air is about 186,887 miles (299,877.64 
kilom.) per second. 



m. PHOTOHETRT. 

484. The Intensitr of illumination is the quantity of 
light received on a unit of surface, Every-day experience 
shows that it varies not only with the nature of the source, 
but also with the distance at which the source is placed. 

485. Law of Intensity. — Bip. — Cut from cardboard three 
squares, 4 cm,, S cm., and I'i cm.. I'eapectivel;, mountiag them 
on wire sapporta. The centree of these screens should be at the 



>;,l,ZDdbyC00^[t: 



LIGHT. 813 

BEtme distance above the table as the source of light. Use a lamp 
giving a small flat flame, and set it with the flame turned edgewise 
to the surface of the largest screen, and distant about one metre. 
Between the light and this screen, place the medium-sized screen so 
that it exactly cuts off the light fi'om the lateral edges of the largest. 
If the source were a point, the light would now be cut ofl' from the 
whole screen. In like manner place the smallest screen with refer- 
ence to the intermediate. If these screens are located with care, it 
will be found that their distances from the light are as 1:2:3. 
Now, as each screen exactly cuts off the light from the one next to it 
in the series, it follows that each screen, if the light were not inter- 
rupted, would receive equal amounts of light from the source. The 
surfaces of these screens are as 1 : 4 : 9, and hence the amount of 
light per unit of surface must be inversely as 1 : 4 : 9 j but 1, 4, and 
9 are the squares of 1, 2, and 3 respectively. 

Therefore, the intensity of the illumination varies inversely 
as the square of the distance from the source of light. 

488. A Photometer is an instrument for companng 
the intensity of one light with that of another assumed 




as a standard. The principle applied is that the ratio of 
the intensities of two lights equals the square of the 
ratio of the distances at which they give equal illumina- 
tions. The standard in general use is the light emitted 
by ft sperm candle of the size known as "sixes" when 
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burniDg 120 grains per hour. The illuminating power of 
a light is expressed by stating the number of times it is 
greater than the standard candle. 

487. The Bunsen Photometer. — Exp. — Drop some melted 
pantffin on a piece of uaglazed white paper. When cold remove 
all the excess with a kaife. fieat the spot thoroughly with a hot 
flat-iron, in order to get the paraffiu into the paper. The apot 
should have a diameter of about 3 tm. Mount the sheet of paper in 
ft suitable frame, and support it iu a vertical plane. Place the stand- 
ard candle at cue end of a long table, the light to be measured at Ihe 
other, and the photometer disk between them, arranging the lights at 
the same height as the grease-spot and in a straight line with it (Fig. 
227). B; trial find a position for the candle where the grease spot 
is either invisible or is least conspicuous to one viewing it from a 
position in line with the three objects. When this occurs the disk is 
equally illuminated on the two faces. The square of the ratio of 
the distance of the light from the disk to that of the candle is the 
eandle-power of the light, If, for example, the distances of a lamp 
and c.indle were 8 ft. and 2 ft. respectively, the candle-power of the 
lamp is (2) —16; that is, the lamp is equivalent to 16 standard 
candles in illuminating power. 



1. In what respects does light differ from sound P 

2. What must be the relative positions of the sun, earth, and 
moon, in order that there may be an eclipse of the sun? 

3. What prinoiple is recognized in aiming a rifle? 

4. Why is the image of an object formed by a smalt aperture 
inverted P 

5. Oculists often introduce atropine into the eye to enlarge tbe 
pupil. Why is one then unable to see objects distinctly? 

6. If the distance of an object from the source of light ia 
doubted, how is the size of the shadow afiected P Show by figure. 
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rV. REFLECTION OF LIGHT. 
488. Begular Beflection. — When a beam of light 
falls on a polished surface AC (Fig. 228), the greater 
part of it is reflected in a definite direction. The angle 
that an incident ray makes with the normal PB to the re- 
fleeting surface at the 
point of incidence is 
called the Angle of 
Incidence, as IBP ; 
and the angle be- 
tween the reflected 
ray and this noi'mal 
is the Angle of Re- 
flection, as RBP. Fig, ssa. 

480. Law of Beflection. — B>p — Cut from a board apiece 
eomewhat greater than a semi-circle, giving it a radius of one loot. 
Pivot at the eentre two arms, one having a candle or small lamp at 
its free end, and Ihe other a screen of oiled paper (Fig. 229). At 
the centre of the circle mount a piece of mirror with its reflect- 
ing surface perpendic- 
ular to the radius that 
bisects the curved edge. 
Near the candle mount 
I a convex lens (.'521). 
Between the lens and 
candle support a stout 
wire. If the lens and 
wire are given suitable 
relative positions nn im- 
Fig. SI9, age or picture of the 

wiivtwill be found across 
the centre of the paper screen whenever the arms make equal angles 
with Ihe noimal to the mirror. 

Hence, The angle of reflection it equal to the angle of in- 
cidence, and the two angles lie in the same plane. 

_ Cookie 
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4S0. Diffused Reflection. — Exp. — Fill a large glass jar 
with smoke. Cover the mouth with a piece of caiilboard, through 
which is a hole about 1 cm. in diameter. With a small hand-glass 
reflect a beam of sunlight into the jar through the aperture iu the 
cover. The whole interior of the jar will become illuminated. 

The small particles of smoke floating in the jar furnish 
a great many surfaces. The light incident on them is re- 
flected in as many different directions, the result being 
seen in the diffusion of the beam. 

All reflecting surfaces, to a greater or less extent, scat- 
ter light in the same way as these smoke particles, on ac- 
count of the irregularities of their surfaces. Fig. 230 




illustrates the difference between a perfectly smooth re- 
flector and reflectors as they actually are, more or less 
irregular according to the degree of polish. 

491. Beneata from Difibsed Reflection. — It is by dif- 
fused reflection that objects become visible to us. Perfect 
reflectors would be invisible. The trees, the ground, the 
grass, and particles floating in the air reflect in every 
direction the light from the sun, and thus fill the space 
about us with light. Aei-onauts tell us that as they reach 
veiy high altitudes the sky grows black, owing to the ab- 
sence of floating particles to diffuse the light. 
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492. A Mirror is any smooth surface. A Plane Mirror 
is one whose reflecting surface is plane. A Spherical Mir- 
ror is one whose reflecting surface is a portion of the sur- 
face of a sphere. 

493. Images. — If an object be placed in front of a 

mirror, an apparent object formed by the reflected light 
will be seen. This is called an Imoffe. When the reflected 
rays come to the eye apparently but not actually from 
the place assigned to the image, the image is Virtual; 
but when the reflected rays unite to form an image, and 
the light comes from the im^e to the eye, it is Real. 
Such an image can be received on a screen. 



494. Images in Plane Mirrora, — First. Let A be a 
luminous point in front of a plane mirror MN (¥\^. 231). 
Any ray AB incident on 
the mirror is reflected in 
the direction BD, mak- 
ing the angle of reflec- 
tion FBI) equal to that of 
incidence FBA. In like 
manner, a second ray, as g- 
AC, is reflected along CE. 
If BD and CE are pro- 
duced, they meet at A'. 
Join A and A'. Then, by 
geometry,' AA' is perpen- 

fVbi*0%i9 ABK = DBNi:iA-BK. .: ABJfi^ABS. Tb» ulB>e A CK = BOlf 
= A'CK. Bence, theirJanglei .4SCuid ^'fOireeqiul, torihey faave twoaoglea, iDd 
the Inclnded tide of tbo one eqiut M the coTTeipondlng paRi of the otber, ud lti«r«. 
foie AS = AS. Campurlng tlie trlenglea AES and A'lCB, ve faare Ibe mgk* it K 
eqgal. and bence rigbt anglei, and AK = A'K, alUM Ibe uiaDglel faave Iwo ildea, and 
tbe Endtidbd angle of the oae equal to lh« eorreaponding parta of tha other. 
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be found by drawing fro 



dicular to MN, and A' is as far back of MN as A is in 
front. Since AB and AO are any two rays diverging from 
A, and incident on the mirror, it follows that all rays 
from A, incident on MN, must he reflected from JfJV" as 
if they came from a point as 
far back of MN as j4 is in 
front. Hence, A' will appear 
to the eye like A ; t)iat is, 
an image of A is seen at A'. 
Therefore, the image of a point 
in a plane mirror is virtual, and 
is as far back of the viirror aa 
the point is in front; it may 
the point a perpendicular to 
the mirror, and producing it till its length is doubled. 

Second. Since the image of an object is an assemblage 
of the images of its points, it follows that the image of an 
object can he located by locat- 
ing the images of its points. 
Let AB (Fig, 232) represent 
an object in front of the 
mirror MN. Draw the per- 
pendiculars A A' and BB', 
making A'C= AC, &nd B'B 
= BI>. Join ^' and S*. Then 
A'B is the image of AB, and 
is evidently virtual, erect, 
and of the same size as the 

object. Fig. 233. 

496. Path of the Bays to the Bye. — The rays which 
form the image for one observer are not those which form 
it for another. Let ^ and S' (Fig. 233) represent two 
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different observers. To find the path of the rays which 
enter the eye at E, locate the image A'B' as directed in 
the last article ; then draw lines from A' and B' to E. 
The intersections of these lines with MN are the points 
of incidence of the rays from A and B which are re- 
flected to E. In like manner, the rays which reach E' 
are determined. 



4Q6. Bxperimental Proof of the Position of the Im- 
age. —Bip.— Support a pane of window-glass in a vertica) ptnne. 
On one side of it place a lighted candle, and on ihe other a tumbler 
of water, eacli at the same distance from (he glass, and in a line per- 
pendiculai' to it. An image of the candle will be seen in the tumbler 
of water, showing that the image is as far back of the mirror as. the 
object is in front. 

The experiment also explains how many optical illu- 
sions, such as Pepper's ghost, are produced. A large 
sheet of unsilvered glass, 
with its edges hidden from 
view by curtains, is so placed 
that the audience have to 
look through it to see the 
actors on. the stage. Other 
actors, strongly illuminated 
and out of view by the 
audience, are seen by reflec- 
tion in the glass and appear 
as ghosts on the stage. The 
magic cabinet and the disembodied head are also illusions 
produced by the aid of mirrors. 




497- .Multiple Befleotion. — Bip. — Place two mirrors at 
right angles with their reflecting surfaces towftrd each other (Fig. 
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234). Hold a lighted candle between them. Three images of it 
will be seen. On varying the angle, we Snd that the number of 
images varies, increasing as the angle decreases, becoming very 
great when the mirrors are parallel. 

The effect is due to the repeated reflection from 
one mirror to the other and finally to the eye. The 
images 0' and 0" are formed by single reflections from the 
mirrors AB and AC separately (494). But the image 
G"' is due to a second reflection, the light from being 
incident on AC, from which it ia reflected to the mirror 
AB, which in turn sends it to E. The point 6 is found 
by drawing the line 0'" E, and a by the line 0" b. 0"' is 
to be regarded as the image of 0" in AB and the image of 
0' in ^C; and since it is situated back of the plane of both 
mirrors, no images of it will be possible. 

The number of images is governed by the angle be- 
tween the mirrors. When it is an aliquot part of 360% 
the number is one less than the number of times it is 
contained in 360°. 

498. IlluBtrations. — The double image of a bright 
star or a caudle seen in a hand-^lass is an example of 
multiple reflection, the front surface of the mirror and the 
metallic surface serving as parallel surfaces. Theoreti- 
cally the number of images is infinite ; only two, however, 
are seen, on account of their faintness. The Kaleidoscope, 
a toy invented by Sir David Brewster, is an interesting 
application of the same principle. It consists of a tube 
containing three mirrors extending its entire length, the 
angle between any two of them being 60°. One end of 
the tube is closed by ground glass, and the other by a cap 
provided with an aperture. Pieces of colored glass are 
placed loosely between the ground glass and a plate of 
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clear glass parallel to it. On looking through the aper- 
ture at any source of light, symmetrically arranged images 
of these pieces of glass are seen, forming figures of great 
beauty, which vary in pattern with every change in the 

positions of the objects. 



499. Spberioal Mirrors are either Concave or Convex, 
according as the inner or the outer surface of the spherical 
shell is the reflecting one. The centre of the sphere is the 
Centre of Curvature of the mirror. Any straight line 
drawn through the centre is an Axi», and is perpendicular 
to the reflecting surface. The middle point of the mirror 
is its Vertex, and that axis which passes through it is the 
Principal Axis ; other axes are known as Secondary Axes. 
The Aperture of the mirror is measured by the angle 
formed at the centre by the 
axes which pass through the 
extreme points of the cir- 
cumference. Let MN (Fig. 
236) be a curved mirror.' 
Then C is the Centre of 
Curvature, BA is the Prin- 
dpal Axis, DE and ffK are 
Secondary Axes, and MCN Fig. 236. 

measures the Aperture. 

600. A FoouB is a point towards which rays of light 
converge, or from which they diverge. When rays par- 
allel to the principal axis are incident on the mirror, their 
paths after reflection ate found to have a common point 
called the Principal Focus, and its distance from the mir- 

implojed iDthUduptaru'tiMOtlDiu 
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ror 18 the Principal Focal Length. The foci of curved 
mirrors may he either Real or Virtual ; Real if the re- 
flected rays meet in front of the mirror; Virtual M they 
seem to diverge from a point behind the mirror. 

501. Foci of Conoave Mirrors. — A clear understand- 
ing of this subject may he reached through the considera- 
tion of the following cases : 

Mrst. When the rays are parallel to the principal axis, 
that is, the radiant point is at an infinite distance. 

Let MN (Fig. 236) be a concave mirror whose centre of 
curvature is 0, vertex A, and principal axis £A, Let ED 
be parallel to BA. 
Then CD is the per- 
pendicular at D, and 
GDF, the angle of re- 
flection, must equal 
UDiy, the angle of 
Re. 23flr '' /^ incidence. The my 

BA will be reflected 
hack on itself, being perpendicular to the mirror. Hence, 
the rays ^D and BA have a common point F. If the 
point D is close to A, the point F will be found on 
measurement to be midway between C and A. On 
drawing other rays parallel to OA, and determining their 
course after reflection, they will be found to pass nearly 
through F. Hence, the Principal Focun is real and is half- 
way between the centre of curvature and the vertex of the 




Second. When the rays diverge from a point beyond 
the centre of curvature. 

Let the rays BA and BD diverge from B and be inci- 
dent on the mirror itfiV (Fig. 237). BA will be reflected 
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back on itself (why ?), and BD will be reflected as Dff, 
making with the perpendicular CD the angle ODffequai 
to the angle of in- 
cidence, BDC. The 
point B' common to 
these rays is the 
focus, being real and 
eituated between the 
centre of curvature 
and the principal focu*. 

Third. When the rays diverge from the centre of cur- 
vature. 

Since the rays are perpendicular to the mirror, they will 
be reflected buck on themselves, making the focug coinei- 
dent with the radiant point. 

Fourth. When the rays divei^e from a point between 
the principal foeua and the centre of curvature. 

This is evidently the converse of the second case, for 
the rays B'A and B'I> (Fig. 237) will focus at B. Points 
having these properties are known as Conjugate Foci. 
Fifth. When the rays diverge from the principal 
focus. 

This is the con- 
verae of the first 
case, the rays leav- 
ing the mirror 
parallel to the prin- 
cipal axis, giving no 
foaui. 
Sixth. When the rays diverge from a point between 
the principal focus and the mirror. 

Let the rays BJ> and BA divei^e from B and be inci- 
dent on the mirror ^if (Fig. 238). BA will be reflected 
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back on itself, aiid BD will be reflected as DM. (Why ?) 
Then B', back of the mirror, is the point common to these 
reflected rays. Hence, t?ie focu» is virtual. 

602. Foci of Convex Mirrors. — Let MN (Fig. 239) 

be a convex mirror whose centre of curvature is C and 
vertex A. The ray 
BA will be reflected 
back on itself, ED will 
be reflected along i)fl; 
the incident and re- 
flected rays making 
equal angles with the 
perpendicular CD. F 
is the point common 
to these rays, and it is 

half-way between A and G. The principal focus is virtual, 

and is mid-way between the centre of curvature and the 

vertex. 

When the rays diverge from a point, as B, the focus will be 

virtual and will be situated between the principal focus and 

the mirror* (Fig. 

240). It will also 

be found that the 

general effect is 

not changed if 

the degree of di- 
vergence of the 

rays is changed. 

Hence, the focus 

of a diverging 

pencil incident 




Fig. 240. 

; mirror is always virtual. 



£03. Formation of Images. 



- The image of an object 
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formed by a curved mirror may be determined by finding 
tbe images of its 
points. The 
work of c o n- 
structing a 
ure is greatly 
simplified by ob- 
serving the fol- 
lowing rule 




Fig. 241. 




Draw secondary axes (499) through the extremities of 
the object. Eaya along these lines will retrace their own 
path after reflection. Also draw 
through these same points rays parallel 
to the principal axis. These will be 
reflected through the principal focus. 
The intersection of two reflected rays 
which come from the eame point of the 
object locates the image of that point. 

For example, in Fig. 241 the rays AI> 
and AC are reflected through a, and 
BE and BO are reflected through 6. Hence ab is the 
image of AB'. 

An examination of Figs. 
241-246 will establish the 
following facts : 

First When the object 
is at an infinite distance 
the rays are parallel, and 
converge to the principal 
focus, making the image a 
point. 

Second. When the ob- 
ject is at a finite distance, and beyond the centre of 
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curvature, the image is real, inverted, smaller than the 
object, and situated between 
the centre of curvature and 
the principal focus. 

Third. When the object 
is at the centre of curva- 
ture the image is real, in- 
verted, of the same size as 
^"■•^ the object, and situated at 

the centre of the curvature. 

Fourth. When the object is between the centre of cur- 
vature and the focus, the ,-:. 
image is real, inverted, 
larger than the object, 
and situated beyond the 
centre of curvature. 
(Compare this with the 
second case.) 

Fifth. When the ob- 
ject ia at the focus the 
raya are reflected parallel, no image being formed. (See 
the first ease.) 

Sixth. When the 
object is between the 
focus and the mirror 
the image is erect, vir- 
tual, and larger than the 
object. 

Seventh. The images 
formed by convex mir- 
rors are always virtual, 
erect, and smaller than 
the object. 
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604. Experimental Proof. — In a dark room snppoit 
Ti-mk'allj on a long tiiblu ii Bphericiil mirror "f known fm-al li ngili, 
:iii<l |iliti-u in fnint of it a lighted 1»rap. When the imave \a virtu. il 
it ran lieseun by lookinw in ihs mirror: wht^n real itcnn lie reuuived 
on It shni't of white cardbnard lield in front of tiie mirror, tliu I'xui't 
pliiue heirig found by triril. It will be nucessary to pisce th« 1:im|) 
on a setjondary axis, otliiirivise the sureen will cut off the light frum 
the oLijtsL-t and prevent the lormation of any image. 

505' Focal Lenerth Determined. — l>«p-— In a Rheot at 
(.■Hi'dligard cut a i-ounil hole about 1 cm. in diameter- Across the hole 
eenicnt two threads at right angles. Place this screen in front of a 
concave niin'or. Illuminate the hole and cross-threads by placing a 
lamp on the opposite side from the miiTor. Now move the mirror 
till the image of the speiture formed on the screen is well de- 
fined, of the same size as the aperturi:, and situated close to the 
opening. Then half the distance of the scieen from the mirror is 
the focal length. (Why?) 

606. Spherical Aberration. — Exp — Project an image of a 
lighted lamp on a screen with a concave mirror. The outer edf;e is 
indistinct ; thiit is, the image is not sharply defined. Now cot^f up 
the reflecting surface, exposing only the centi'al portion. The image 
will be less blight (why P), but the definition will be sharper. 

This indistiuctnesa is due to Spherical Aberration, all the 
rays from any point oE the object not being focused by the 
mirror at the same point. This 
ia miide evident by tracing the ' 

course of the several rays of a 

beam of light incident on a 

mirror of wide aperture (Fig. c 

247). To prevent spherical 

aberralion, the aperture of 111113^^^^^ 

the mirror must be small, * — 

not exceeding 10". Parabolic ng.a47. 

mirrors are free from this defect, and hence are used as 
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reflectors in light-houses and in the headlights of loco- 
tnotivea. 

607, The Cauetio, — Exp. — Bend a strip of bright tin into 
as true a semicinile as possible. Place it on a sheet of white paper 
with its concave surfa4» towaivi the 
source of light (Fig. 248). The reflected 
light focuses along a curved line, called a 
Causiii;. 

The caustic may be seen very 
distinctly by allowing sunlight to 
fall on a new tin basin partly full 
of milk, or on a plain eold lin? 
lestiug on a white surface. 



1. Show by a figure how it would be possible to see around an 
opaque object by the aid of mirrora. 

2. Why aie the images seen in multiple reflection of unequal 
brightness ? 

3. Why nre the images of trees and of other objects seen in the 
water always inverted? 

4. What should be the position of the reflector of a wall lamp in 
order to secuiij the best illumination of the room P 

5. Plai;e two plane mirrors about the grease spot used in the 
Bunsen photometer so that the obseri'er standing in the plane of the 
photometer disk can see both faces 1)y looking in the mirrara, and 
tims compare tliera for equality of illumination. 

6. A plane mirror is inclined to a horizontal plane at an angle 
of 45°. Find the position of the image of a vertical object in such a 
mln'or. 

7. When a plane mirror is turned about an axis in its own 
plane, show by a diagram that the change in iingle between the inci- 
dent and the reflected ray is double the angle thi-ough which the 
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V. REFRACTION OF UGHT. 

608. Be&actioD. — Bxp. — Pliice n rectangulnr tank, provided 

with a glass face, ao that the light from a candle passing over the 
upper edge of ods end 
— ^ just illuiuinates thewhole 

" of the opposite end (Fig. 

219). The bottom of the 
tank lies wholly in the 
shadow east by the end. 
Now fill the tank with 
water. The shadow no 
longer covers the whole 
bottom, since the rays are 
bent at an angle at the 
edge of the tank. 

Fi 249_ This bending of a 

ray when it passes 
e medium to another is called Refraction. 




509. Terma Defined. — Let BA (Fig. 250) represent a 
ray of light in air incident obliquely at A upon the surface 
MN oi another medium, 
as water. Draw the 
normal DE to the re- 
fiacting surface. The 
angle between the inci- 
dent ray and the nor- 
mal to the surface at the 
point of incidence is the 
Angle of Incidence, as 
BAD; and that between 
the refracted ray and the 
normal is the Angle of 
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Refraction, as CAR Produce BA to H. The angle 
CAH measures the amount by which the ray is bent 
out of its original course, and is known as the Angle 
of Deviation. With A as a centre, and a radius of one 
unit, describe a circle. Draw BF and CG, perpen- 
dicular to BE. Then BF and GQ are the sines of 
the angles BAB and CAE respectively. The ratio 
of the sine of the angle of incidence to that of refrac- 

I Index of Refraction. 

610. Lawaof Refraction-— Bip. — Cover one face of alarge 
ectangulur glass battery-jar with paper, and out of the centre of 
the covering cut as large 
a eii-cle as possible (Fig. 
I 251). Across Iliis circular 
opening draw a horizontal 
and a vertical di.iincter. 
Graduate the margin of 
the circle to degrees, the 
extremities of the vertical 
dianielcrs to bo marked 0°, 
and those of the horizon- 
tal, 00°. Provide a strip 
of cai'dboard considerably 
wider and longer than the 
top of the jar, and cut in it. 



F^. 281. wide and 5 cm. long. Fill 

the jar with water exactly 
to the horizontal diameter of the circle. Place the cardboard con- 
taining the slit on the top of the jar. With a plane mirror, reflect a 
beam of sunlight through the slit at such an angle as to he incident 
on the liquid exactly back of the centre of the circle on the face. 
Kead on the circular scale the values of the angles of incidence and 
refraction and compute the ratio of their sines.' By changing the 
position of the slit and the mirror, other angles can be compared. 

' Th« valae at Ui«a« ■iDOi li oblnlned b; th« DM at lrl(<iiioinelrlcBl tablM. 
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By proceeding as above it can be shown that light is re- 
fracted in accordance with the following laws : 

I. When a ray of light passes obliquelif from a less re- 
fractive to a more refractive medium, it is bent toward the 
normal; when it passes in a reverse direction it is bent from 
the normal. 

II. Wftatever the ohli<pdty of the incident ray, the ratio 
of the sine of the angle of incidence to the sine of the angle 
of refraction is constant for the same two media. 

III. The planet of the angles of incidence and refrac- 
tion coincide. 

511. Indices of Refraction. — By the Absolute index of 
refraction is meant the ratio of the sine of the angle of in- 
cidence to the sine of the angle of refraction when the my 
passes from a vacuum into the substance. The Relative 
index of refraction is the index for light passing from one 
medium into another. Since the absolute index of air is 
very small, for most purposes it may be neglected. The 
relative index of refraction from one medium to another 
is equal to the inverse ratio of their absolute indices. 
The larger the index of refraction, the greater is said to 
be the optical density of the substance. 

The following table gives the indices of a few sub- 
stances : 

AiratO°C.iuid760nun., 1.000291 Flint glaaa . . 1.576tol.643 

Water 1.336 Crown glass . 1.531 to 1.56S 

Alcohol 1.372 Diamond . . . 2.44 to 2.755 

Carbon bisulphide . . 1.678 

For the purposes of this book, water will be taken as |, 
crown glass as %, flint glass as f, and diamond as f. 

D,.;,l,ZDdbyC00^[i: 



S82 



XLZMSSTS OF PBTSICS. 



612. To Draw the Refraoted Bay. — Let Mlf (Fig. 
252) tieparate the two media, air and water; and let BA 
be a ray of light incident 
at j1; it is required to 
draw the refnicted ray. 
With ^ as a centre and 
radii whose ratio is j, the 
' index of refraction, diaw 
J Water two concentric cireles. 
Through U, one of the 
intersections of BA with 
the smaller circle, draw 
£0 parallel to the normal 
AI>, cutting the larger circle at 0. Draw AC. This will 
be the refracted ray, because j^ = 3, a fact easily shown 

by geometry.' 

When the ray passes into a less refractive medium, 
through one of the intersecdons of the incident ray with 
the larger circle draw a parallel to the normal, cutting the 
smaller circle. T)ie line through this point and the point 
of incidence is the refracted ray. 




1. Trace a ray from air into glass, and conversely. 

2' Trace \\ ray fi-om water into air. 

S. Trace a ray from air into diamond. 

4. Truce a ray from water into glass. 

613. Refraction through a Plate with Parallel Faces. 
-Bzp. — Draw a straight line on a slieet ofpaper. Place a piece of 

'Tba trUDgla£J?*nd^£^ire rimUnr. HeDee,^£=^. Bat fzr= 0|7, tod 
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thick plate glass on the paper so as to cover a portion of the line. 
On looking* obliquely through the glass the line will appear broken 
at the edge of the plate, the part under the glass appearing laterally 
displaced. 

To explain this, let MN (Fig. 253) represent a plate of 
glass, and AB a ray of light incident obliquely upon it. 
If the path of the ray be deter- 
mined, the emergent ray will 
be parallel to the incident ray. 
Hence, the apparent position of 
an object vie4ved through a plate 
is at one side of its true position, 
a fact usually expressed by say- j 
ing that the ray has suffered 
Lateral Aberration. 
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614. A Prism is that portion 
of a transparent substance lying 
between two intersecting planes. 
The angle between these planes is the Befractiiig Angle 
of the prism. 

Let ABC (Fig. 254) represent a section of a glass prism 

made by a plane perpendicular to the refracting edge A. 

Also let DE be a 

ray incident on the 

face BA. This ray 

will be refracted 

along £^(512). and 

entering the air at 

'^*^°**- the point J" will be 

refracted again, taking the direction FH. 

An inspection of the iigure shows that the light is re- 
fracted toward the thicker portion of the prism, and con- 
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sequently the a[iparent position of an object seen througli 
it is displaced toward the lefiaotiiig edge. 



515. The Angle of Deviation. — Bip. — Mnke a small hole 

in the centre of a sheet of blauk nMdho-.ni] (t'ig. 2;>d). ritue m 

front of the eardbnanl a 

lighte<I Bpirit-lai))p. ivith 

common salt sprinkled on 

the wlt'k to j)r()du<'e » jel- 

low dame. Arninore llie 

flame at (he siimu liuight 

aboTe the bible as the 

aperture in tlie screen. 

Beliinil theKureen siip|i(ivt 

a second one and maik on 

it the position of the spot 

of light. Now pl;K-e a 

prism behind tlie hi>le, 

with the refractinj!: edjre horizontal and parallel to the screen. The 

posilion of tlie spiitof light is different. The angle formed by the 

lines joining the two positions of the spot with the hole is mughly 

the Deviaiion. 

The Anyle of Deviation is the angle included between the 
incident and the emergent ray, as .ffZff (Fig. 254}. By 
tracing different rays through the prism, and varying the 
angle of the prism, the deviation will be found to vary with 
tlie angle of the prism, with the index of refractimi, and 
with the angle of incidence. The Least Deviaiion for any 
given prism takes place when the angles of incidence and 
of emergence are equal. 



516. Cause of Refraction. — Experiments show that 
light travels with a smaller veh)city in highly refractive 
substaiicea like glass than it does m air. Let a ray, AB, 
(Fig. 256) issue from a luminous point, so far distant 



>;,l,ZDdbyC00^[t: 



LIGHT. 



835 



that the waves may be considered as straight-fronted, and 
let it be incident obliquely on & piece o£ glass. A series 
of parallel lines perpendicular to 
AB will, i-epi-esent the waves. 
One part of a wave, aa /, will 
reach the glass before other 
parts, and on entering the glass 
will travel less rapidly. The 
other portions on entering the 
gltiss will be retarded in suc- 
cession, the result being that 
the wave is swung around ; that 
is, the direction of propagation 
£C, perpendicular to the wave- 
front, 13 changed, or, in other 
words, the ray is refracted. 




617. 
fracted 
foUowa 



Fig. 288, 

Phenomena of Refraotion. — Since light is re- 
from tlie normal in passing from water into air, it 

that if we look obliquely at any object sub- 
, merged in water it will appear 

elevated above its true posi- 
tion. A familiar instance is to 
put a coin in an empty basin 
and place the eye in such a 
position that the coin cannot be 
seen over the side of the vessel 
(Fig. 257). On filling the 
basin with water (he coin be- 
comes visible. The apparent 

in the distance of a pond of water is explained in 
way. The apparent depth of water can not 




shoalinj 
the san 
exceed f the real depth. 
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Since the lower layers of air are denser than the upper, 
1 ray of light coming to the eye from a star will be gradu- 
ally bent, describing 
A^' a curve (Fig. 258). 

Then the direction 
in which the star is 
seen will be that of 
a tangent to the curve 
at the eye. The ef- 
fect is to make the 
star appear higher up 
than its true position, 
making it possible to 
I see it even when it is 
below the horizon. 

518. Total Re- 
flection.— Exp— Using 

r.g. 258. the apparatus of Art. 

610, pl.Tce the card bnard 
against the end so that Ihe slit is close to the bottom of the jar iVig. 
2^'J). Reflect a beam of light upon a mirror lying on the table 
close to the slit, at such an angle that it passes through the slit into 
the liquid and is incident on 
the surface of the water back 
of the centre of the circle. 
Notice that the angle of re- 
fraction is greater than that 
of incidence. How gradu- 
ally increase the angle 
incidence. The angle of 
fraction will increase soi 
what faster than the an 
of incidence. At one posi- p,^ 25g_ 

tinn for the incident ray the 
refrae(«d ray coincides with the surface, making the angle of re- 
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. fraclinn a right angle. On passing tliis [Kisilion the ray does not 
issue irom tlie water, but is all reflected as if the surface were a 
perfect mirror. 

When the angle of refraction is a right angle, the angle 
of incidence U called the Critical Angle. This angle va- 
ries with the substance, being about 48i° for water, 41° 
for crown glass, and 24° for diamond. When the angle of 
incidence exceeds the critical angle, the light suffers Total 
Internal Reflection. 



619. Construction for the Critical Angle. — Let MN 
(Fig. 260) separate two media, as air and glass. With A 
as a centre draw two concen- 
tric circles, the ratio of their 
radii being the index of refrac- 
tion, f. The issuing ray must 
lie in AN. Hence AN must 
pass through that point of the 
smaller circle determined by 
the normal to MN drawn 
through the point in which the 
incident ray produced cuts the 
larger circle (512), C is that 
point, and the normal CE through it cuts the larger circle 
at E. Draw EA and produce it to B. BA is the incident 
ray, and BAB is the critical angle. 
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S20. IlluBtrations of Total Reflection. — Of all the 
rays diverging from a point at the bottom of a pond and 
incident on the surface, only those within the cone whose 
semi-angle is 48^° can pass into the air, on account of the 
separation of the refracted from the totally reflected rays 
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by totnl iiiternRl reflection (Fig. 261). Hence, an ob- 
server under water sees all objects without as if they were 

crowded within this cone ; 

and beyond this cone, he 
' sees by reflection objects 

lying on the bottom of the 

pond. 
If a test-tube, part full of 

mercury, be held obliquely 

in water, and looked at fmm 

^* *®'' above, the empty part will 

appear much brighter than the filled part, since the former 

id seen by light totally reflected, whereas the latter is seen 

by ordinary reflection. 

Total reflection in glass is best shown by means of a 
prism whose cross-section is a right-angled isosceles tri- 
angle (Fig. 262). A ray incident normally on either face 
about the right angle enters the prism 
without refraction and is incident on 
the hypothenuse at an angle of 45°, which 
is greater than the critical angle (518). 
Hence the ray suffers total reflection 
and leaves the prism at right angles to 
the incident ray. Such a prism makes 
the best possible reflector in any opti- 
cal instrument where it is desirable to 
change the direction of the light by 90°. 

EXERCISES. 

1. Conati-uct the critical angle for water. 

2. Construct the critical angle for diamonil. 

3. If you liold a gliiss of water witli a spoon In it, a little above 
the level of the eye, and look upwards at the under surface of the 
water, the lower part of the spoon Is seen reflected in it. Esplun. 
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4. When glass is pounded into small particles it appears white 

and loses its transpurency. Why P 

5. Draw a prism with a refracting angle of CO'^. Let the angle 
of incidence for a lay be 75°, Ti-ace the ray through tlie prism, 
assimiiihg the index to be 1.5. 

6. Why does a sphere appear like a spheroid when under water ? 



TI. LENSES. 
621. A Lens is a portion o£ a transparent substance 
bounded by two curved surfaces, or one curved and one 
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plane surface. Those most commonly met with are por- 
tions of spheres and are classified as follows : 

1. Double-Convex, — both sur-\ 
faces convex. | 

2. Piano-Convex, — one surface! Converging lenses, 
convex, one plane. / thicker at the Biid- 

3. Concavo-convex, - One sui- dl« ^^"^ ^^ *^>« «^e8. 
face convex, one concave- / 
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4. Double-Concave, — both sur-\ 
faces concave. / 

5. Pkno-Concave, - one sur-( Divergnig lenae., 
face concave, one plane. / ">'"■"=■■ "' ">= »'<'- 

6. Ooi.veioOoncave, - one 8ur- ■*'= "•»" «' ""e edges, 
face concave, one convex. J 

The double-convex lena may be regarded aa the type of 
the converging clasa, and the double-concave lens of the 
diverging clasa, since the properties of each of these lenses 
apply to all those of the same class. 

522. Terms Defined. — The centres of the spherical 
surfaces bounding a lens are the Centres of Curvature. 

The Principal Axis is 

^><1 ■■•,4'' ' ■, the straight line passing 

/' >\^ Ap \ through the centres of 

-I ^;<r^3^X _, ( — curvature CC (Fig, 

\_ \/^\ / ^^^^' '"^ *^® plano- 

As, ^\ ..■' lenses there is but one 

""~ '''. .~" '' H^ centre of curvature, the 

principal axis being the 
normal to the plane surface through that centre. The 
normal at any point of the surface of a lens is the radius 
of the sphere di-awn to that point. Thus CD is the 
normal to the surface AnB at D. 

523. Optical Centre. — It is shown in geometrical 
optics that for every lens there is a point having the prop- 
erty that any ray passing through it and the lens suffers 
no change of direction. This point is called the Optical 
Centre. In lenses whose surfaces are of equal curvature, 
it is tlieir centre of volume; in plano-lensea, it is the 
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interaection of the principal axis with the curved surface. 

Any straight line, as EH (Fig. 264), tlu'ough the optical 
ceutre is a Seeov4ary Axis. 

624. To Trtwjs a Ray through a Lens Let JlfiV rep- 
resent a. lens whose centres of curvature are O and C\ and 
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AB the ray to be traced through it (Figs. 265, 266). 
Draw the normal, C'B, to the point of incidence. With 
£ as a centre, draw the ares mn and rs, making the ratio 
of their radii equal the index of refraction, 5.' Through 
p, the intersec- 
tion of AB with 
ra, draw op par- 
allel to the nor- 
mal, C'B, and 
cutting mn at o. 
Through o and 
B draw oBD; 
tbis will be the 
path of the ray through the lena (512). At D it will again 
be refracted ; to determine the amount, draw the normal CD 
and tlie auxiliary circles, xy and uv, as before. Through 

> In hII the flgnre* wtalch follow, tbo index U taken u J. 
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i, the intersection of BD produced with xg, draw It 

piu-allel to the normal CD, cutting uv iit I. Through It 

and I draw DH; 

^^ / .. ■, _,.. this will be tlie 

path of the ray 
after emergence. 
[Compare this 
mode of procedure 
with that of Art. 
612.] It should 
be noticed that the 
convex lens bends the ray toward the piincipal axis, 
whereas the concave lens bends it away from it. 

525. Foci of Convex Lenses. — A clear understand- 
ing of thia subject may be reached through the considera- 
tion of the following cases : 

Firtt, When the incident rays are parallel. 

An inspection of Fig. 267 shows that the focus is real. 



Fl(. 268. 

Since the rays are parallel, the focus is known as the Prin- 
cipal Fqcub, and its distance from the lens is the Focal 
Length. When the index is taken as $, it will ha observed 
that ill the case of the double convex lens, the principal 
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focus is at the centre of curvature, the focal length being 
the radius of curvature, and that in the plano-convex the 
focal length is twice the radius of curvature. If the index 
were greater, the focal length would be shorter, and con- 
versely. 

Second. When the incident rays diverge from a point 
more than twice the focal distance from the lens. 

In Fig. 269, AD and AB are two rays diverging from 
A.' They focus at less than twice the focal distance. 

Third. When the incident luys diverge from a point at 
twice the focal distance from the lens. 



Fig. 269. 

[Let the student draw a figure and show that the focus 
is real and at twice the focal distance.] 

Fourth. When the incident rays diverge from a point 
at less than twice the focal distance. 

[Let the student draw a figure and show that the focus 
is real and at more than twice the focal distance.] 

Fifth. When the rays diverge from the principal focus. 

[Let the student draw a figure and show that the emer- 
gent rays are parallel.] 

Sixth, When the rays diverge from a point between the 
focus and the lens. 
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Fig. 270 showd that the divei^ence of the rays is not 
wholly overcome by the lens, but that they leave the 
lens as if they emanated from a point farther from the 




Fig. 270. 

lens than the actual radiant point. Hence, the focus is 
virtual. 

iSeverUh. When the raya converge to a point beyond 
the lens. 

[Let the student draw a figure showing that they focus 
at a point nearer the lens than the principal focus.] 

526. Foci of Concave Lenses The following cases 

may be considered : 

First. When parallel rays are incident on the lens. 
Fjg.271 shows that 
the rays diverge 
on leaving the lens 
as if they came 
from a point. 
Hence, the prin- 
cipal focus is vir- 
tual. When the 
index of refraction is f the focal length equals the radius 
of curvature in the case of the double-concave lens, and 
twice the radius in the ease of the plano-concave lens. 
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Second. When divei^ing rays are incident on the lens. 
Fig. 272 shows that the focus is virtual, situated between 
the principal focus and the lens, and moves nearer to the 
lens as the divergence increases. 




Fig. 272. 



Third. When converging rays are incident on the 
lens. A comparison of Figs, 273, 274, and 275 makes it 
evident tliat the degree of convergence affects the general 
character of the results. Fig. 273 shows that a pencil, as 
ABCD, converging to the principal focus .F, emerges with 
its rays parallel. Fig. 274 shows that a pencil, as ABCD, 
eonvei^ing to a point on the axis nearer to the lens 
than the princi- 




Rg. 273. 

ABCD, converging to a point beyond the principal focus, 
as K, emerges as a diverging pencil having a virtual focun 
at A'. 
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637. The Gteneral Effect of Lenses on light may be 

Concave } , ^ t increase > 

C lessen y 



summarized as follows : 



Convex y 
the divergence of diverging pencils and 
convergence of converging pencils. 



Fig, 274 

628, Formation of Ima«res. — The image of an object 
formed by a lens may be found by means of the images of 
its points. The work is considerably lessened by observ- 
ing the following rule : 

Draw secondary axes through the extremities of the ob- 
ject. These will be rays of light which suffer no change 
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of direction. (Why?) Also through these extremities 
draw rays parallel to the principal axis, and find by con- 
struction the amount they are refracted (524) on entering 
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the lens. On leaving the lens they will pass through the 
principal focus. (Why?) The imagea of these extremities 
will be the intersections of the rays drawn from them. 
The image of any point is always on the secondary axis 
passing through it. 

To illustrate, let AB be the object and MW the lens 
(Fig. 276). Eays along the secondary axes pass through 
the lens without deviation. The rays AD and BH, par- 
allel to the principal axes, are refracted on entering the 
lens along BE and HI respectively, and pass through F, 
the principal focus, after leaving the lens. The intersec- 




Fig. 2 



tion of Aa with ABEa is the image of A, and that of 
BHlb with Bh is the image of B. If other rays from A 
and B be drawn, they will focus at a and h respectively. 
Hence, ah is the image of AB. 

The student should draw figures and establish the fol- 
lowing propositions for converging lenses : 

I, When the object ie at an infinite distance^ that is, when 
the rayB are parallel, they converge to the principal foeas, 
making t/ie image a point. 

II. When the object it at a finite distance greater than 
twice the focal distance, the image is real, inverted, situated 
beyond the principal focus, and is smaller than the object. 

HI. When the ol^eet in at twice the focal distance, the 
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image ia real, inverted, situated at twice the focal distance, 
and is of the tame size as the ol^ect. 

IV. When the object is at less than twice the focal dis- 
tance, the image is real, inverted, situated beyond the focus, 
and is larger than the object, 

V. When the object is at the focus, the light leaves the 
lens in parallel lines, no image being formed. 




Fig. B77. 



VI. When the object is between the focus and the len», 
the image is virtual, erect, and enlarged. 

The images formed by concave lenses are always virtual, 
erect, and smaller than the object. The distance of the 
object from the lens affects only the size of the image, 




529. Experimental Illustrations, —Bxp.— Let the rays of 
the sun fail on a convex lona. Hold beyond the lens a alieet of 
paper, movin? it till the riiind spot of light is smallest and brightest. 
If held steadily a hole may be burned in the paper. Thia spot 
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is an image of the son ; ant) because the solar rays are parallel, it 
marks the principal focus of Ihe lens. 

The experiment illustrates a simple method of finding 
the focal length of a convex lens, and also proves that 
radiant heat like light can be refracted. Convex lenses 
are often called " burning-glasses," because of their power 
to focus the " heat rays." 

Bxp. — Arrange in a straight line on the table a lamp, a convex 
lens, and a screen. Give the lamp succcsaivoly the positions de- 
sci'ibed in the second, third, nnd fourth cases, adjusting the screen 
each time till a sharply defined imago is obtained. The results 
will be in harmony with the conclusions already given. If the 
lamp is placed at the focus of the lens, only a blurred image is 
obtained ; if between the focus and the lens, no image is formed on 
the screen, but a magnified image of the lamp is seen on looking 
through the lens. 

If after focusing the image on the screen, the eye be 
placed in line with the object and lens, and the screen be 
removed, an inverted image of the object can be seen sus- 
pended in mid-air. The projection of images on a screen 
by the aid of a lens has its application in the optical lan- 
tern, the compound microscope, the telescope, aud the 
photographer's camera. The formation of virtual images 
by a convex lens is applied in the simple magnifier aud in 
the eye-pieces of telescopes and compound microscopes. 

530. Meaaurement of Focal Lenerth. — Exp- — Support 
the perforated screen of Art. 506 in a vertical plane, and parallel to 
it place the convex lens and a second screen. The centre of the lens 
shiiuld be in a hoiizontal line with the centre of the aperture. 
PLiee a lamp behind the first screen to illuminate the cross-thi-eads. 
Hy trial find a position for the lens and the second screen such that 
the image of the aperture is of the same size as the aperture itself 
and very clearly defined- 'ihcn Ihe distance between the two shouts 
of cardboard is four times the focal length of the lens. Why P 
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531. Spherical Aberration. — If rays from any point 
be drawn to different parts of a lens, aud their directions 
be determined after refraction, it will be found that those 
incident near tlie edge of the leiia cross the principal axis, 
after emerging, nearer the lens than those incident near 
the middle. [Let the student draw a figure proving tliis.] 
This indefiniteness of focus is called Spherical Aber- 
ration, the effect of which is to lessen the distinctness of 
imi^es formed by the lens. In practice, annular screens, 
called Diaphragms, are used to cut off the marginal 
rays, thereby rendering the image sharper in outline, hut 
less bright. In the large lenses used in telescopes, the 
curvature of the lens is made less toward the edge, so that 
all the rays are brought to the same focus. 



Vn. DISPERSION. 

532. Analysis of White Light. The Solar Spectrum. 

- Efp — Admit a beam of sunlight into a dark room through a 




small hole in the shutter (Fig. 279). A colorless image of the sun 
is formed on the floor or wall. In (he path of the beam place a 
triangular glass prism so as to refract the light. Instead of a color- 
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less image being formed, there is now a rainbow-coloved band grad- 
ually changing from red at one end, through orange, yellow, green, 
blue, indigo, to violet ut the other end. 

This experiment was first performed by Sir Isaac New- 
ton in 1666, It shows that white or colorless light is a 
mixture of an infinite number of differently colored rays, 
differing in refrangibility, the red being least and the violet 
most refrangible. This many-colored image is called the 
Solar Spectrum, and the opening out or separating of the 
beam of white light ia called Disperaion. 



633. Smtheeis of Light. — Bip. — Project a spectrum of 
sunlight on the screen. Now place a seeond prism like the firat 
behind it but reversed in position 
(,Fig. 280). There will be formed 
a colorless image, slightly displaced. 
The second prism reunites the colored 
rays, making the effect that of a thick 
plate of glass. The recomposition of 
the colored rays into white light may also' be effected by reeeiTing 
them on a concave mirror or a large convex lens.' 



Fig. seo. 



684. Chromatic Aberration. — Bzp. — Reflect a beam of 
sunlight into a dark room through a small hole in the shutter. Pro- 
ject an image of the aperture on the screen, using a double-conTex 
lens for the purpose. The round image will be seen to be bordered 
with the spectral colors. 

This defect is known as Chromatic Aberration. It is 
caused by the lens refracting the colored rays to different 
foci. The violet rays being more 
refrangible than the red will have 
their focus nearer to the lens 
in consequence. By examining 
Fig. 281 it will be seen that if 
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a screen were placed at x the image would be bordered 
with red, and if at y with violet. 

635. The Aohromatio Lens, — Bip. — Project a spectrum 

of sunlight on the screen, using a prism of crown glass, and note the 
length of the spectrum. Repeat ihe experiment with a prism of flint 
glass having the same angle. The spectrum formed by the flint glass 
Is seen to be about twice as long as that given bj crown glass, 
whereas the position of the middle of the spectrum on the screen is 
about the same in the two cases. Now use a flint glass prism whose 
refraciing angle is h:ilf that of the crown glass one. The spectrum 
resembles in size that given by the crown glass prism, but the 
deviation of the middle of it is considerably less. Finally, place this 
flint glass prism in a reversed position against Ihe crown glass one. 
The image of the aperture is no longer colored, but the deviation 
ia about half that of the crown glass alone. 

The above facts suggested to DoUand, an English 
optician, in 1757, that by combining a double- 
convex lens of crown glass with a plano-concave 
lens of flint glass, the dispersion by the one would 
neutralize that by the other, whereas the refrac- 
tion would be reduced about half (Fig. 282). 
Fit 802. Snch a combination of lenses is said to be 
Achromatie, since images formed by them are not fringed 
with the spectral colors. 

536. The Eainbow. — Bip. — Fill an air-thermometer bulb, 
about 4 cm. diameter, with clear water. Reflect a beam of sunlight 
into a dark room, passing it through a eircular opening, about 'i.lb 
cm. dianieter, cut in a large sheet of white cai-dboiird. Suppoit the 
bulb so that the cylindrical beam is incident on it. Thei-e will ap- 
pear on the cardboard screen one or more circular spectra, resem- 
bling rainbows. 

The Rainbow is a solar spectrum formed by spherical 
raiu-drops, after the manner of the above experiment. 



:,.;,l,ZDdbyC00^[t: 



Usually two bows are visible, the Primary and the Second- 
ary. Tbe Primary how is the inner and brighter one, and 
is distinguished by being red on the outside and violet on 
the inside. The Secondary bow is much fainter, and has 
the order of colors reversed. 




Fig. 283. 



537. The Experiment Esplaiued. — When light is in- 
cident on the surface of any transparent medium, part of 
it passes into the medium, and part is reflected. Hence, 
in the case of the spliere of water, part of the beam inci- 
dent on it is reflected, and part passes within. Of that 
which enters the globe, part passes through it and part in 
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reflected from the back surface. It is this reflected part 
which forms the image on the cardboard screen. 

Let the circle whose centre is (Fig. 283) represent 
the globe of water, and S, S', rajs of sunlight incident 
upon it. Of all the rays entering the globe, it is shown in 
mathematical optics that the red rays incident in the im- 
mediate vicinity of 59° 23' 30" from the axis SE, as at A, 




keep together after reflection and subsequent refraction, 
that is, are parallel on leaving the sphere, and hence have 
sufficient intensity to produce a colored image on the 
screen ; and the violet ones at 58° 40' from the axis, as at 
B, produce a violet image for a like reason. Between these 
positions, the other colors arrange themselves. Since the 
sphere is symmetrical with respect to 80, it follows that 
the colored images will appear as circles. In this way is 
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produced tlie inner colored ring in the above experiment. 
The angle, S'FR, is the deviation of the red rays, and 
equals 42° 1 ' 40° ; the deviation of the violet rajs, S S"V, 
is 40° 17'. Hence, the red circle on the screen has a radius 
of about 42°, and the violet one of about 40°. 

The second colored baud is caused by rays twice inter- 
nally reflected, as shown in Fig. 284. The violet rays inci- 
dent at 71° 49' 55" from the axis will emerge parallel, and 
produce the violet part of the image ; and the red ones inci- 
dent at 71° 26' 10" will form the red part for a like reason. 
The deviation, S'F'V, of the violet raya is 54° 9' 20", and 
of the red, S'FR, is 60° 58' 50". Hence, the second col- 
ored band has a radius of about 54° for the violet part, 
and 51° for the red. 




538. The Primary Bow Ezplfiined. — Every rain-drop 
acts on sunlight in exactly the same manner as the sphere 
of water in the above 
experiment. An ob- 
server at F (Fig. 285) 
with his back to (he sun 
receives red light from 
every rain-drop situ- 
ated 42° from the line 
SO, drawn through the 
sun and the eye, and 
violet from those 40° dis- 
tant. The drops, being 
approximately spheres, 
send out light on all 
sides, and heuce all of 
those situated in a circle about C and distant 42° will 
send red light to the eye, and give the appearance of a red 
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circle, while those at W will send violet light, the other 
colors arranging themselves between these limits. 

539. The Secondary Bow is due to two reflections 
within the I'ain-drops ; and in order for the light to reach 
the eye, these drops must he distant from C about 64" for 
the violet and 51° for the red. The diminished brightness 
is caused by the loss of light attending each reflection. 



vm. COLOR. 

640. The Color of light depends on its wave-length, 
red being due to the longest waves and violet to the 
shortest. The following table expresses the wave-lengths 
corresponding to the centre of each color in the solar 
spectrum iu ten-million ths of a metre : 

Red, TOOO YeUow, 5808 Indigo, 4S88 

Orange, 5972 Green, 5271 Violet, 4059 

Blue, 4960 

In white light the number of colors is infinite, and they 
pass into one another by imperceptible gradations of shade 
and refrangibility. Color stands related to light in the 
same way that pitch does to sound. In artificial light, 
certain colors are either feeble or wanting, as can be 
proved by an examination of their spectra. Hence, artifi- 
cial lights are not white, but each one is characterized by 
.the color that predominates in its spectrum, 

541. The Color of Opaque Bodies. — Exp. — Paste a 
strip of white paper, say, 3 cm. long and 2 mm. wide, on a piece of 
black cai'dboard several limes larger. View this strip, pbiceil in a 
strong light, through a glass prisni, holding its edges parallel to the 
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length of the strip. The Image is a spectraiu, colored like that 
pi-o'luced by sunlight. If a red strip of paper similarly mounted is 
exujiiincd in the same way, the spectral image is red at oneeml, 
while the colore belonging to the other end are dim or absent. In 
like manner if a blue strip is examined, the specti-al image is charac- 
terized by blue, the other colors being mostly' wanting. 

The experiment shows that the color of opaque bodies 
is due to the kind of light they reflect ; that a body is red 
because it reflects chiefly, if not wholly, the red rays of 
the light incident upon it, the others being absorbed 
wholly or partly at its surface ; and white, if it reflects all 
the rays tn about equal proportions. 

542. Color not of the Body. — Erp. — Project the solar 
spectrum on a white screen. (Why white ?) Hold pieces of colored 
paper or ribbon successively in dilFerent parts of the spectrum. The 
red pieces appear brilliantly red in the red part of the spectrum 
and black in most of the others, a blue piece is blue only in the blue 
part of the spectrum, and a black piece is black, no matter where it 
is placed. 

The experiment shows that bodies have no color of their 
own, but change with the nature of the incident light. 
This truth is illustrated by the difficulty experienced in 
matching colors by artificial lights, and by the changes in 
shade some colored fabrics undergo when taken from sun- 
light into gaslight. Artificial lights are largely deficient 
in blue and violet rays; and hence all complex colors into 
which blue or violet, enters, as purple and pink, change 
their shade when viewed by them, 

543. Color of Transparent Bodies. — A transparent 
body is colorless when it absorbs no light, or absorbs all 
colors in like proportion. If it absorbs more of one color 
than another, its color is that which results from combining 
the transmitted rays. 
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544. Mixing Colors. — Hzp- — Cut out of colored p apcr some 
dUka, about Id cm. ia diAmeler, with au opening at the centre for 
mounting them on the spindle of a whirlings 
machine (Fig. 287) or for slipping them 
r the handle of a heavy spinning top. 
_ Slit them along a radius from tlie circum- 
---~ ferenee to the centre, so that two or more of 
< ig. ioo. them can be placed together, exposing any 

proportional part of each one as desired. Select seven disks, whose 
colors most nearly represent those of the solar spectrum ; put them 
together so that equal portions of the colors are exposed. Clamp on 
the spindle of the whirling machine and rotate 
them rapidly, or slip them over the handle of 
a heavy spinning top. When viewed in a 
strong light the color Is nearly white. 

This method of mixing colors is based 
on the physiological fact that a sensa- 
tion lasts longer than the impiession 
producing it. Before the sensation due 
to one impression has ceased, the diak 
has moved so that a different impression 
is produced. The effect ia equivalent 
to superposing each color on all the others, as was done 
when the recomposition of white light was effected by a 
lens or mirror (533). 

If red, green, and violet 
disks, or red, green, and blue 
ones, are used, exposing equal 
\^ portions, nearly white is ob- 
tained on rotating them 
1^ rapidly. If any two colors 
standing opposite each other in 
Fig. 288 are used the result is 
white ; and if any two alternate 
ones are used the result is the 




Fig 887 
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intermediate one. By using the red, the green, and the 
violet disks, and exposing different proportions, it has 
been found possible to produce any color of the spectrum. 
This fact suggested to Dr. Youug the theory that the eye 
ia sensitive to only three colors, and that our recognition 
of different colors is due to the excitation of tliese three in 
varying d 



545. Complementary Colore are any two colors which 
produce white light on mixing. Thus, the colors red and 
bluiali-green are complementary ; also orange and light-blue. 
The placing of such colors adjacent to each other causes a 
heightening of each, as in the case of red and green; two 
non-complementary colors placed adjacent cause a toning 
down of each. 



546. Mixingr Pigments. — Exp. — Draw a broad lino on a 
slate or black-board with a yellow crayon. Over this draw a line 
with a blue crajon. The result will be a band distini'tly green. 
The explanation ia tliat Uie yellow crayon reflects green light as well 
as yellow, and absorbs all the other colors. The blue crayon also re- 
flects the green light, but absorbs others except the blue. In mixing 
the crayons, the product absorbs all but the gi-een, and hence the 
mark on the board is green. Another illuslration of this principle is 
seen in the mixing of a solution of potassium chromiite and an ara- 
moniacal solution of copper sulphate. The former is yellow, llie 
latter is blue, but on mixing the solution is green. (Why P) 

It must he borne in mind that these statements apply to 
colored substances and not to colored lights ; for if we 
mix the spectral colors blue and yellow, the product is 
white instead of green. 
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IX. SPECTRUH ANALYSIS. 



647. A Pure Spectrum. — Bip. - Tack across the opeoing 
of the porle lumifere ' a. piece of tin in which is cut u very narrow slit 
about 3 cm. long. Project, with a convex lens of about 30 cm. focal 
length, an image of this slit on a distant white screen. Clo.so to 
tie lens, between it and the screen, place a prism of flint ghisa, 00° 
angle, or, what is better, one of carbon bisulphide, and change the 
position of the screen, keeping it at the same distance from tlie lens, 
to a position where the refracted pencil will fall normally upon it. 
Turn the prism around its vertical axis till the least deviation is se- 
bnred. The colois will now show with muob greater distinctness 
than in the previous projcctloDs of the spectrum wbeni a round 
aperture was used. 

By using a narrow slit, we obtain a spectrum in which 
there is little or no overlapping of the colored images, be- 
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cause they are rectangular in shape and very narrow. The 
result is, therefore, a Pure Spectrum, one made up of a smc- 
% of colored images of the rectangular slit. 



648. The Fraunhofer Lines. — When a pure spectrum 
is obtained by careful focusing it will be found crossed 
by a number of parallel dark lines (Fig. 289). This 
discovery was made by Wollaaton in 1802. In 1814, 
Fraunhofer, of Munich, by viewing the spectrum through 
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a telescope, counted about 600 lines, and mapped the posi- 
tion of nearly two-thirds of them, designating the more 
prominent ones by the letters A, B, C, D, E, F, G, H. 
Since Fraunbofer was the first to study carefully the posi- 
tion of these lines, it is customary to refer to them as the 
Fraunbofer lines. In recent times, their number has been 
greatly extended through the investigations of Lockyer, 
Rowland, and Langley. 

Since these lines do not change their position with ref- 
erence to the color in which they occur, they are of great 
value as reference marks. For example, in measuring the 
index of refraction of a substance, owing to dispersion, it 
is necessary to select some particular color or line of the 
spectrum for the refracted ray. Since the E-line in the 
green marks approximately the middle of the visible spec- 
trum, it is customary to make all determinations with 
reference to it. Sometimes the D-Iine in the yellow is 
chosen, on account of its greater conspicuousness. The 
index of refraction of a substance, to be exact, should 
always be given for some particular spectral line. 

540. The BpectroBcope (Fig. 290) is an apparatus for 
viewing spectra. 
In one of its sim- 
plest forms, it con- 
sists of a prism, a 
telescope, and a 
tube called the 
Collimator, carry- 
ing an adjustable 
slit at the outer 
"'■ ^^- end, and a con- 

vex lens at the other, to render parallel the diverging rays 
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coming from the slit. To mark the position of the 
spectral lines, there is provided on the supporting table a 
divided circle which is read by the aid of the vernier 
attached to the telescope arm. By increasing the number 
of prisms, the purity of the spectrum is increased, and con- 
sequently lines previously concealed by the overlapping of 
the images of the slit are brought to view. 

560. Continuous Bpeotra. — Bxp. — Place a lighted candle 
or lamp id front of the slit of the spectroscope. The spectrum will 
be seen to pass from red at one end, through the various colors, to 
violet at the other, without any breaks, that is, the spectrum is not 
crossed by dark lines or bands. 

Such spectra are called Continuous Spectra. 

651. Disoontinuous Spectra, —n^.— Pla<!e a Bunsen flame 
in front of the slit of a spectroscope. Hold in the flame a strip of 
a.<:bestoa or a platinum wire, after dipping it into a solution of table 
salt. On looking through the telescope, a bright yellow line is seen 
instead of the rainbow band, and, furthermore, it coincides in posi- 
tion with the Fraunbofer D-line. If we try a lithium salt, we shall 
see a bright carmine line. 

Spectra consisting simply of bright lines are called Bia- 
cortUnuouA or Bright-line Spectra. 

562. Absorption Spectra. — Bip — Turn the slit of the 
spectroscope toward an electric light.' A continuous spectrum will 
be seen. Between the slit and the light place the flame of a spidt- 
lamp colored yellow by means of common salt in the wick. A d.irk 
line will now be seen crossing the yellow of the spectrum, the light 
at that point having been absorbed by the flame. When the electric 
light is shut off, the line is seen as a bright yellow one. 
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Spectra crossed by dark lines are called Abiotytion or 
Meverged Spectra. The spectra of the sun and most stars 
are of tins class. 

653. Laws of Spectra. — Experiments like the last 
three establish the following laws regarding the formation 
of spectra: 

I. All eolids, liquids, and dense vapors and gases, when 
heated to incandescence, give continuous spectra. 

II. All rarefied gases and vapors heated to incandescence 
give discontinuous or hrightMne spectra. 

III. Every gas or vapor absorbs rays of the same re- 
frangibility as it emits when heated to incandescence. 

564. Fraimhofer Linea Aoootmted for. — Itwasshown 
in a previous experiment (552) that sodium vapor ex- 
tinguishes the light emitted by a luminous body so as to 
produce a dark line in the spectrum identical in position 
with the D-line of the solar speotrum. Similar experi- 
ments show that every substance through which light 
passes absorbs rays of definite refrangibility, that is, every 
substance has its own absorption spectrum. These facts 
were first established by KirchhofE, suggesting to him 
the following explanation of the Fraunhofer lines : The 
heated nucleus of the sun gives off light of all degrees of 
refrangibility. Its spectrum would therefore be continu- 
ous were it not surrounded by an atmosphere of metallic 
vapors and gasea, which absorb or weaken those rays of 
which their own spectra consist. Hence, the parts of the 
spectrum which would have been illuminated by those 
particular rays have their brightness diminished, since the 
rays from tlie nucleus are absorbed and the illumination is 
due solely to the less intense light coming from the vapors. 
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These absorption lines are not lines of no light, but are 
lineii of diminished brightaess, appearing dark by contrast 
with the other parts o£ the speetrum. 

556. Spectrum AnalTSiB consists in detecting the 
presence of bodies by the spectra of their heated vapors. 
The great delicacy of the method is exhibited in the state* 
ment made by Prof. Swan, that he was able to detect by- 
its spectrum the presence of j^o^rsitil'''^ P^^ *^^ ^ grain of 
sodium. 

The applications of the spectroscope are many and 
various. By an examination of their absorption spectra 
normal and diseased blood are easily distinguished, the 
adulteration of substances is detected, the chemistry of the 
stars is determined, and many processes in the arte are 
made successful. 



EXBBCISES. 

1. When ia an object black ? When gray P 

2. What must be the poailjon of the slit with reference to the lens 
in the collimator tube of the spectroscope? 

3. Why are rainbows seen only in the morning and the eveoin^P 

4. Why does paint change the color of an object f 



X. UTTERFERENCE OF U6HT. 

566. Interference by Befleotion. — It was seen in the 
study of sound that two wave-motions may interfere in 
such a way that they either partially or entirely neutralize 
each other. The fact that rays of light can also be made 
to neutralize each other affords the strongest proof of the 
correctness of the wave theory of light. 
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657- Newton's Bin^re. — Bip- — Press together Bt their 
centre two small pieces of heavy plnte glass, using a small iron 
clamp for the purpose. By looking obliquely at the glass curved 
bands of color may be seen surrounding the point of greatest press- 
ure. If the observation be made in a light of one color, as that 
given by & spirit-lamp with common salt in the wiek, these curved 
baVids will be yellow, separated by dark ones. 

The experiment, of which the above is a modiiication, 
waa first performed by Hooke, and afterwards repeated by 
Newton. Each used a plano-convex lens of long focus 
resting on a plate of plane glass. Fig, 291 shows a section 
of the apparatus. Between the 
lens and the plate there is a wedge- 
shaped film of air, very thin, quite 
^'t-^^' similar to that between the two 

glass plates used in the above experiment. Now if light 
be incident on AB, a portion will be reflected from ACBy 
and another portion from BE. Since that reflected from 
BE has farther to travel by twice the thickness of the air- 
film than that from ACB, and the film gradually increases 
in thickness from C outward, it follows that at some 
places the two reflected portions will meet in like phase 
and at others in opposite phase, causing a strengthening of 
the light in the first case and an extinction of it in the 
second. If red liglit be used the appearance will be that 
of a series of concentric circular red bands separated 
by dark ones, each shading off into the other. If violet 
light be employed the colored hands will be closer to- 
gether on account of the shorter wave-length. Other 
colors will give bands intermediate in width between 
the red and the violet. From this it follows that if the 
plates be illuminated with white light at every point 
some one color will be destroyed, leaving the color at 
that point due to the mixing of the remaining colors of 
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white lighti and the point will be gurroundet? with 
rainbow-like bauds of color.' 

558. Itluetrations. — The colors of the soap-bubble, of 

oil on water, of heated metals which easily oxiJize, are all 
diie to the interference of light produced by thin filma. 
The colors surrounding cracks in ice, and those of irides- 
cent glass, are explained in like manner. Striated surfaces, 
like mother-of-pearl, some kinds of shells, and the feathers 
of some birds, owe their beautiful colors to the interference 
of light reflected from different parts of the small grooves. 
Gratings, consisting of parallel lines ruled on speculum 
metal, j-ield spectra by reflection in which wave-lengths 
are proportional to deviation. 

659. Di&aotion. — Bxp. — Cut a alit 2 mm. wide In a black 
cai'd, and hold it in front of a flame so as to be brightly illuminated. 
Blaclfen a strip of window-glass with India ink. When dry, rule 
with a fine needle a number of parallel lines, quite close together, 
cutting through tlie ink to the glass. Hold the glass close to the eye 
and look through the scralchca at the alit held at bitu's length. On 
ein.-]i side of the slit there will be seen a series of spf^ctra. Cover 
half of the slit with blue glass and the other half with red ghias. 
There will now be seen a series of red images and also a series of 
blue oaee, the red being farther apart than the blue. 

The phenomenon exhibited in this experiment is called 
Diffraction, It is due to the interference of the rays which 
bend around opaque obstructions, the effects being made 
visible by the narrow spaces on the glass reducing greatly 
the intensity of the direct rays from the source of light. 
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ZI. OPTICAL INSTRUMENTS. 
560. The Human Eye is a nearly spherical ball of 
about nine-tenths of an inch in diameter, situated in a 
bony cavity called the Orbit. Fig. 292 represents a sec- 
tion of it from back to front, in 
which C is the cornea, P the 
pupil, / the iris, R the retina, 
etc. The outermost covering is ' 
a thick and homy substance, 
opaque, except in front. This 
opaque part is called the Scle- 
rotica, and forms what is known 
as the White of the Eye. Its 
transparent portion, the Cornea, ^ 

is more convex in shape, and appears as if set into the 
sclerotica, after the manner of a watch-glass in its frame. 
Behind the enmea is an annular and opaque diaphragm 
called the Iris, which constitutes the Colored part of the 
eye. The opening in this membrane is called the Pupil, 
the size of which varies with the intensity of the light. 
Between the iris and the cornea is a thin, transparent 
fluid, called the Aqueovs Humour. Behind the pupil 
is a double-convex transparent body of uneven density, 
less convex on its anterior side, called the Crystalline 
Lens. The large cavity behind the iris is filled with 
the Vitreous Humour, a transparent, jelly-like substance, 
resembling the white of an e^. Lining the curved 
walls of this posterior chamber is the Choroid Goat, 
on which is spread the Retina, a membrane traversed 
by a network of nerves, the branches of the optic 
nerve. This choroid coat is saturated with a very black 
substance called the Pigmentum Nigrum, designed to 
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darken the cavity of the eye, and to absorb all light re- 
flected interaally. 

561. Sight Produoed, — Rays of light diverging from 
the object enter the pupil and form an inverted im^e of 
the object on the retina, in the same manner as images are 
formed by small apertures (480). The two humours and 
the crystalline lens by their successive refractions give 
sharpness to the definition. The luminous waves incident 
on the retina give their energy to the nerve fibres, which 
transmit it to the brain, where in some mysterious way the 
sensation of sight is produced. 

562, Perception of Oolor. — Microscopic examination 
shows that the retina is thickly studded with little projec- 
tions called Cones, composed of minute cylindrical or rod- 
like structures of varying lengths. Each rod is connected 
with a nerve fibre. It is generally supposed that these rods 
are of three kinds, tuned to vibrate sympathetically with 
the three rates of ethereal undulations corresponding to 
red, green, and violet (544). By stimulating these rods 
in suitable proportions any color of the spectrum is 
seen.' 

663. Color Blindness. — It was discovered by Dalton 
that many pei'sons are unable to see certain colors. This 
defect is known as Color Blindness or Daltonism. It is 
undoubtedly due to some defect in the retinal structure, 
all the rods, the seat of color sensation, not being equally 
sensitive, or perhaps one or more classes of them being 
wholly inoperative. In most eases the defect is confined 
to inability to see red and green as such. 

1 " 8Ii[bt," by Fiofsniior John Le CoDte, p. 61. 
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664, Disticot Vision. — The eye has the power of 
changing the curvature of the crystalline lens so that 
light from near as well as from distant ohjects may be 
focused on the retina, A normal eye is one which, in 
its passive condition, focuses parallel rays on the retina. 
If, through the possession of too great refractive power, 
such rays focus in front of the retina, the eye is Myopic, 
giving rise to Near-aightednesa. By intercepting the rays 
with a diverging lens of suitable power, the rays are 
focused on the retina and the vision is distinct. If the 
refractive power of the crystalline lens be too great, the 
focus of parallel rays will fall back of the retina, and 
the eye is Hypermetropic, one unable to see near objects, 
but able to see distant ones. This kind of an eye must not 
be confounded with a Prethyopic one, where through some 
functional defect the crystalline lens loses the power of 
adjusting itself to rays of considerable divergence. This 
defect is known as I'ar-nghtedTiees, and is corrected by in- 
tercepting the light with a convex lens. Since a normal 
eye adapts itself without painful efFort to the distinct vision 
of small objects, like the letters on this page, at a distance 
of about 25 em. (10 inches), it is customary to speak of this 
distance as that of distinct vision, classifying eyes as near- 
tightfd when the distance is less than 10 inches and far- 
sighted when greater. 

666. Distance Estimated. — There are several cii*- 
cumstances which aid in forming judgments of distance, 
Firit. Experience has taught us to estimate distance by 
the amount of effort necessary to adjust the eye to secure 
distinct vision. Judgments based on this are tolerably 
accorate for distances comprised between five inches ai)d 
twenty feet, Beyoud this distance the changes in the 

D,.;,l,ZDdbyC00^[c 



870 ELEMENTS OF PHTSIC8. 

effort to focus the eye are too small to be appreciable. 
Second. Experience has taught us to estimate distance 
by the amount of muscular effort necessary to direct both 
eyes on the object to secure single vision. It is reliable 
for distances not exceeding one thousand feet. Third. 
We estimate distance by the apparent size of the object, 
that is, by comparing the angle formed at the eye by lines 
drawn from the extremities of the object with that obtained 
in the caae of a body of known size and distance. Fourth. 
Our estimate of distance is materially aided by noting the 
change of color and of brightness of objects caused by 
variations in the depth of air looked through. 




n(^93. 



566, Size Eetimated. — The size of an object is ob- 
tained by multiplying the size of the retinal image by the 
distance of the object from the eye in inches. Hence, an 
error in estimating distance produces a corresponding error 
in estimating its size. When there is no means of judging 
of distance, size cannot be estimated. This is illustrated 
by the varying estimates of the sun or moon by different 
observers. Indistinctness and great distance experience 
has taught us to associate together. Hence, at night, 
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we overestimate the distance of objects, and accordingly 
their apparent size is much exaggerated. 

All conclusions regarding size and distance are but 
judgments, and hence may be greatly in error. The pres- 
ence and the mode of distribution of surrounding objects 
often mislead the judgment and cause erroneous conclu- 
sions. 

567. The Optical Lantern (Fig, 293) is an apparatus 
by which a greatly enlarged image of an object may be 
projected on a white screen. In its simplest form it con- 
sists of a box in which are placed a powerful light, a 
Condenser L, and an Objective m. The condenser is a 
single or compound lens having for its chief purpose the 
refraction of the light so as to bring as much aa possible 
on the screen. The object, usually a drawing or photo- 
graph on glass, is placed near it and is thereby strongly 
illuminated. The objective is a simple or compound lens 
acting as a projecting lens in giving on the screen a real, 
inverted, and enlarged image of the object. 

568. The Photographer's Camera (Fig. 294) is a box, 
adjustable in length, by means of the bellows (?, the 
tube DA having an achro- 
matic lens. If an object 

be placed in front of this 
lens, and the lens be prop- 
erly focused, an inverted 
image of the object is 
formed on the plate B 
at the back of the box. 
By receiving this image 
on a plate coated with Fig. 394. 
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a film containing the requisite chemicals, changes are pro- 
duced in the coating which, by a process called " develop- 

jsk.^ ^^tBSftSw/jvsflfMAA "'g'" •'«<'o™es a permanent picture 
"^iM ^"W^i^^S^iM^ ol jjjg object on the plate. 

569. The Compound Micro- 
\ scope (Fig. 295) is an instrument 
' for seeing very small objects. la V 
j its simplest form, it consists of 
two convex lenses, the Object-glass 
• MN, the one next to the object, 
1 and the Eye-piece RS, the one next 
to the eye (Fig. 296). The object 
I glass forms an enlarged real image 
I of the object (where must the ob- 
ject be placed?), which is received 
by the eye-piece, so placed as to 
' give a virtual image of this real 
' ' "" image. (How must the eye-piece 

le placed with respect to this real image?) 

670. The Astronomical Befraotin? Telescope is an 





instrument for seeing distant objects. It is constructed 
on the same general plan as the compound microscope, 
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except that the image of the object, formed by the objective, 
id smaller than the object, the magnification being confined 
to the eye-piece (Fig. 297). The office of the objective is 
to collect a large quantity of light in order that the real 
image formed may be bright, and thereby in a condition to 
sustain a large magnification without too great a loss of 
distinctness. 




It will be seen from the figure that the object appears 
inverted, a matter of small moment in viewing celestial 
objects. In the common Spy-glati, the image is rendered 
erect by introducing near the eye-glasB two convex lenses 
in such a way as to secure a ttecond real image similar to 
the first, but reversed in position. 

571. The Opera G-laea is a double telescope, differing 




from the astronomical telescope in using a concave lens 
for an eye-piece. The ray^ issuing from the object are 
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convei^ed by the object-glass, and would form a real Image 
beyond its principal focus, if they were not intercepted by 
the concave eye-piece (Fig, 298). By placing this eye- 
piece so that the rays incident upon it converge to a point 
beyond its principal focua, they will issue from it as diverg- 
ing rays (526), and will consequently form an image (561) 
on the retina of the eye of an object apparently not as far 
distant as the real object. 
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Aberration, chromatic, 851 ; lat- 
eral, 333; spherical, 337. 

Absolute units of forc«, 34. 

Abaotption, 31; of heat, 138; 
spectra, 362. 

Accelerated motion. 69. 

AccelcratioQ, 26; due to gravity. 

Achromatic lens, 352. 

Action of points, 183, 196. 

Adhesion, 13. 

Air, state of, tn eoanfUng-tabes, 

294. 
Air-columns, laws for, 291. 
Air-pump, 98; experlinents with. 

Amalgamating zinc, 201. 

Ammeter, 228. 

Ampire, 224. 

AmpUtude, (in, 262. 

Analysis of ligbt, 350; spectrnm, 
364. 

Antinodes, 292. 

Aperture, effect on images, 309. 

Arc light, 250, 

Archimedes, principle of, 110. 

Armature of magnet, 219 ; of dy- 
namo. 24G, 248. 

Athermanous substance, 133. 

Atmosphere, a unit of pressure, 95. 

Attraction, law of, 60. 



Attractive forces, 4. 
Audibility, limits of, 285. 
Aurora, 200; tube, 243. 

Bacchus experiment, 99. 
Balance, 72. 

Barometer, 95 ; uses of, 96. 
Batteries, connected in parallel, 

226; connected in series, 225. 
Battery, Bansen, 209 ; chromic 

acid, 209; Daniell, 207; gravity, 

208; Grenet, 210; Grove, 209; 

Leclanchfi, 211; plunge, 211; 

secondary or storage, 215; 

Smee, 207. 
Beam of Ught, 308. 
Beats, 282. 
Bell, electric, 256. 
Bladder-glass, 86. 
Blake transmitter, 258. 
Boiling-point, on thermometer, 

122; of liquids, ISO, 
Boyle's law, 102. 
Bright line spectra, 362. 
Buoyant force of flnlde, 111. 

Calorie, 163. 
Calorimetry, 163. 
Camera, photographer's, 371. 
Capacity, electrical, 184, 136 ; in- 
ductive, 181. 
Capillarity, 19. 
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Carhan-Clark ceU, SZ4. 

Cauitic, 328. 

CeU, voltaic, 201. 

Centre of curvature. 340; 

gravity, inertta, mass, 61; of 

oscillation and of suspension, 

67 ; optical, 340. 
Centrifugal force, 67. 
Centripetal force, 67. 
Chemical changes, 6; effects of 

electric current, 212, 218. 
Chemistiy, 3. 

Chord, major, 287; minor, 288. 
Chromatic aberration, 3ol ; scale, 

Chromic acid cell, 209. 

Circuit, breaking and closing, 201; 
divided, 230. 

Coefficient of elasticity, 12; of 
expansion, 142. 

Coercive force, 167. 

Cohesion, 13. 

Coil, induction, 239 ; primary, 238 ; 
secondary, 238. 

Cold by evaporation, 151. 

CoUotds, 24. 

Color, 366; blindness, 368; com- 
plementary, 369 ; mixing, 358; 
not of tlie body, 357 ; of opaque 
bodies, 366 ; of transparent bod- 
ies, 367; perception of, 368. 

Commutator, 247. 

Compressibility of gases, 102. 

Concave lens, focus of, 344. 

Concave mirror, focus of, 322. 

Concumng forces, 36. 

Condensation, heat by, 152. 

Condenser, 186. 242. 

Condensing pump, 101. 

Conduction of heat, 129; of elec- 
tricity, 178, 222. 



Conservation of energy, 48. 

Consonant sounds, 299. 

Constant force, 4. 

Continuous force, 4. 

Convection, 138. 

Convex lenses, foci of, 348. 

Convex mirrors, foci of. 324. 

Cooling, Newton's law of, 138. 

Critical angle, S37. 

Cryatalliiation, 14 ; expaDsloa 
daring, 143. 

CiyatalloidB, 24. 

Currents, electric. 200; chemical 
eOitctB of. 212; extra, 288: 
heating efibcts of, 211 ; Induced 
by cnrrents, 23T; Induced by 
magnets, 235; laws of heat de- 
velopment by, 212 ; magnetic 
effects of, 216 ; mutual action 
of, 220; strength of, 224. 

Curvilinear motion, 57. 

Daltonism, 368. 
DanicU cell, 207. 
Declination, magnetic, 173. 
Density, 113; optical, 331. 
Deviation, angle of. 334. 
Dialysis, 23; dialyscr. 24. 
Diamagnctic, 164. 
Diathermanous substance, 138. 
Diatonic scale, 28G. 
Dielectrics, 181. 
Diffraction, 1166. 
Diffusion, 21. 
Dipping-needle, 173. 
Discord, 299. 
Disperaion, 350. 
Dissonance . 299. 
Distance estlibat«d, 369. 
Distillation, 152. 
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Dnctilltj'. IS- 

Dynamic unit of force, 3i. 

Dynamics, 26. 

Dynamo, 244; compound, 248; 

series, 248; shnnt, 24S. 
Dynamometer, 36. 
Dyne, 34. 

Earth, a magnet, 172. 
Ebullition, 148. 
Echo, 271. 
Elasticity, 11. 

Electric bell, 266 ; circuit, 204 ; car- 
rent, 200 ; current detected, 20^ ; 

light, 260 ; motor, 263; pressure, 
224; spark, 186; telegraph, 253. 

Electrical attractlou, 174; capac- 
ity, 184; conduction, ITS; dis- 
tribution, ISl; fleid, 180; ma- 
chine, 189; measurements, 228; 
repulsion, ITS. 

Electricity, chemical effects of, 
212, 243; heating eOfects of, 
197, 243; luminous efltecte of, 
243; magnetic efllicts of, 216; 
mechanical effects of, 197, 243; 
physiological effects of, 242. 

Electrification, 176 ; by induction, 
1H0; two kinds of , 176; nature 
of, 179. 

Electrodes, 204. 

ElectrolysiB, 212. 

Electro-magnet, 218. 

Electromotive force, 221, 224. 

Electtophonis, 190. 

Electroplating, 214. 

Electroscope, 177 ; charged by 
induction, 181. 

Blectrotyping, 216. 

Element, voltaic, 201. 

Endosmose, 23. 



Enei^, 8. 46; IndeBtrDctlbility 
of, 48; kinetic, 46; measured, 
47; potential, 47; transforma- 
tions of , 48. 

Engine, sleam, 158. 

Equilibrant force, 86. 

Equilibrium, 62; kinds of, 53. 

Erg, 44. 

Ether, 306. 

Evaporation, 148; disappearance 
of heat during, 161. 

Exoamoae, 23. 

Expansion, coefficient of, 142: 
force of, 114; of gases, 141; of 
llqnids, 141 ; of solids, 140. 

Experiment, 6. 

Extension, 6 ; Its measurement, T. 

Eye, 367. 

Palling bodies, 61. 

Field, electrical, 180; magnetic. 
169, 216. 

Floating bodies, 112. 

Flotation, 118. 

Fluidity, 83, 

Fluids, 2 ; eqnilihrinm In, 92 ; per- 
fect, 83. 

Focal distance, measurement of. 



Foot, 7 ; foot-pound, 44. 

Force, 4 ; buoyant, 111 ; classifica- 
tion of, 4; coercive, 167; com- 
position of, 36 ; concurring, 36 ; 
graphic representation of, 35 ; 
how measured, S6; lines of, 
169; molar, i; molecular, 1, 4; 
parallelogram of, 37 ; resolution 
of, 39; units of, 34. 
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Ponnuln, 94, lOB; vacaum, 100. 
Franklin's experiment, 150. 
PraunhofcT lines, 360; accounted 

for, 863. 
Freezing mixture, 148. 
Freezing-point, 122. 
Friction, 71. 
Fundamental tone, 292. 
Fuaion, latent heat of, 166; lawa 

of, 146 

Qalvanometer, 228 ; tangent, 22S ; 

d'Arsonval, 229. 
Galvanoacope, 204. 

Qaniut, musical, 28G. 

Oases, 2 ; as sonorous bodies, 294 ; 
compressibility of, 83 j expan- 
sion of, 141; media for sound, 
268; velocltj of sound in, 27S. 

Oassiot's cascade, 244. 

OeisBler tubes, 244. 

Graphic methods In sound, 302. 

Oravitation, 60. 

Gravity, 61; acceleration dne to, 
ei ; centre of, 62 ; cell, 208. 

Orenet cell, 210. 

Qrove cell, 209. 

Hardness, 16. 

Haitnonic motion, 262. 

Harmonics, 293. 

Harmony, 299. 

Heat, absorption of , 138; capacity 
for, 164; conduction of, 129; 
convection of, 133; dlsappear- 
anceof during evaporation. 151; 
disappears during liquefaction, 
146; disappears during solution, 
147; distribution of, 128; due 
to cbeuilcal action, 128 ; due to 
collision, 126; due to compres- 



sion, 127; due to electric cur- 
rent, 211, 243; due to friction, 

127; effects of, 140; evolveddur- 
Ing condensation, 15S; evolved 
during solidification, 147; form 
of energy, 119; latent, 146; 

taws of radiant, 137 ; mechani- 
cal equivalent of, 158; radiant, 
187; related to work, 167; sen- 
sible, 146 ; sources of, 126 ; 
specific, 154. 

Heights, measured by boiling- 
point, 151 ; measured by ba- 
rometer, 97. 

Helix, 217; polarity of, 219. 

Holtz machine, 191. 

Horizontal line, 61, 

Horse-power, 45. 

Hydraulic press, 86. 

Hydrometer, 115. 

Hypotbesis, 3. 

Ice, latent heat of, 156. 

Images, in curved mirrors, 834; 

In plane mirrors, 317; bylensi»i, 

346 ; by small apertures, 309. 
Impenetrability, 9. 
Impulsive force, 4. 
Incandescent lamp, 252 ; light, 

250. 
Inclination of magnetic needle, 

173. 
Inclined plane, 77. 
Indestmctibility, 11. , 

Index of refraction, 331. 
Induced electric currents, 236; 

magnetism, 166. 
Induction coll, 239; earth's, 172; 

electrically charged by, 180 ; 

electro-static. 180; self, 238. 
Inductive capacity, 181. 
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Inertia, 9; centre of, 52. 
Insulation, electrical. 179. 
Intensity of illuminatloa, 312 ; of 

sonnd. 373. 
Interference of light, 864; of 

sound. 279; by reflecUon. 36i. 
Intervals, 286; of dlaWnlc si'ale. 

288. 
Isoclinic lines, ITS. 
iBopinic lines, 174. 

Joule's equivalent, 158. 

Kejr-note, 286. 

Kilogramme, 8 ; kllogcfunme- 

raetre, *i. 
Kilometre, 7. 
Kinetic energy, *6; theory of 

heat, 119. 

Lantern, optical. 371. 

Latent heat, 146; of fusion, 165; 

of Bteara, 156 ; of vapoilzatlon, 

166. 
Law, physical, 3; Boyle'e, 102; 

Ohm's, 221; of cooling, 138; 

rascal's, 84. 
I.aws of motion. Hi, 41. 
Leclanch6 cell, 211. 
Lenses. 339 ; achromatic, 362 ; foci 

of, 342; images by, 346; trace 

ray through. 341. 
Lever, 71; mechanical advantage 

of, 73, 
Leyden jar. 186; action of, 187; 

battery Qf, 189; seat of charge, 

188. 
Lichtenbeig's flgures, 196. 
Light, 306; dlBhictlon of, 366; 

Interference of, 364; reflection 

of, 316 ; refraction of, 829. 



J71. 
Liquefaction, 145 ; disappearance 
of heat during, 146. 

Liquids at rest. 92; compressi- 
bllit; of. 83 ; expansion of, 141 ; 
medium for sound, 263 ; velocity 
of sound ill. 2T8. 

Local action, 204. 

Lodestone, 161, 

Longitudinal vibrations, 261. 

Loudness of sound, 378. 

Luminous body, 306. 

Machines, 70; efflciencj of, 71. 

Magdeburg hemispheres, 89. 

Magnet, otcctro, 218. 
-Magnets, artiflclal, 162; action 
between, 163 ; action of magnets 
on, 16S; compound. 164; electric 
currents Induced by, 235. 

Magnetic circuit, 219; dip, 173; 
effects of electric current, 216; 
fleld. 169, 216; permeability, 
171; substance, 164; transpar- 
ency. 164^ 

Magnetism, induced. 165; nature 
of, 166; terrestrial. 172; theory 
of. 1C8. 

Major chord, 287. 

Malleability, 15. 

Manometric flames, 304. 

Mass. 8 ; centre of, 61 ; its con- 
stancy. 11. 

Matter, 1 ; properties of. 6. 

Mechanical advantage, 70, 73, 75, 
76, 77, 80. 

Mechanics, 26. 

Melting-point, 146. 

Metric .system, 7, 8. 
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MictometeT, 82. 

MicTopbone, 25T. 

Microscope, compound, 372. 

Minor chord, 288. 

Mirrors, 817 ; plane, 317 ; spheri- 
cal, 321. 

Molar force, 4. 

Molecule, 1, 2. 

Momentum, 32. 

Motion, 25; accelerated, 26; har- 
monic, 2e2 ; Newton's laws of, 
32.41; reSectcd, 42; uniform. 

Motor, electric, 253. 
Multiple reBectlon, 319. 

Needle, dipping, 173. 
Newton's law of cooUog, 13&; 
laws of motion, 32, 41 ; rings, 



Octave, 236. 

Ohm, 222. 

Ohm's law, 221, 224. 

Opaque bodies, 307 ; color of, 363. 

Opera-slass, 373. 

Optical centre, 840. 

Optical lantern, 371. 

Oigan-pipe, 294. 

Oscillation, centre of, 67. 

Osmose, 22. 

Overtones, 293 ; laws of, 296. 

Partial tones, 293. 

Pascal's law, 84. 

Pencilof light, 308. 

Pendulum, 63 ; conical, 281 ; laws 

of, 65 i seconds, 66; utility of, 

68. 



Permeability, magnetic, 171. 
Phenomenon, S. 
Phonograph, 303. 
Photographer's camera, 371. 
Photometer, 313. 
Photomeliy, 312. 

Pigments, mixing, 369. 

Pitcl(284;^ 

PlumSnTne, 61. 

Polarity of magnets, 162. 

Polarisation, 205. 

Poles, consequent, 163 ; diatln- 
i:uished, 163. 

Potential, diObrencc ot, 186 ; fall 
of, 231 ; zero, 186. 

Pound, 8, 34. 

Poundal, 84. 

Power, 45, 

Pressure, atmospheric, 94; elec- 
tric, 224; lu Bnids, 87; on bo^ 
toni of vessel, 89; rules for 
computing, 91. 

Principle of Archimedes, 110; of 
flotation, 113. 

Prism, 333. 

Pulley, 76; mechanical advantage 
of, 76 ; system of, 76. 

Pump, air, 98; condenKlng, 101; 
force, 110; suction, 109. 

Push-button, 256. 

Quality of sounds, 297. 

Radiant heat, laws of, 137. 
Radiation of heat, 137^ 
Rainbow, 362. 
Rays, 307. 

Se?.eiver, telegraph, 264. 
Reflection, diffused, 316; multiple, 
319 ; of light, 316 ; of sound, 270. 
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